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 General Introduction 
 
Research Background 
Life is a marvelous and the most mesmerizing endowment by Mother Nature 
upon the lovely Earth planet witnessing its vital eminence in the wilderness of 
universe.  The remarkable display of the ultimate impeccability undoubtedly seems to 
stem forth from the unexcelled selection of the building blocks; each and every form 
of life portrays an ample interplay of the integral entities commonly regarded as 
biopolymers, materials for life. 
Billions of years ago, in fact all the way back to the dawn of all existence, 
nature has been playing with natural polymeric materials to make life possible; 
cellulose constituting the body covering of plants and providing apparel and shelter for 
humans; starch serving as a foodstuff; proteins composing our bodies, administering 
metabolic events, and furnishing fine ensemble; and finally of utmost significance are 
DNA and RNA, the biopolymers playing a vital role in our genetic and life processes.                 
Cellulose, the most abundant natural polymeric material on the earth, being 
endowed with an almost inexhaustible existence, an environmentally benign nature, 
and fascinating structural features, enjoys the most remarkable functional attributes 
ever conceivable beyond the realm of nature.  As old as the history of mankind, 
cellulose has found a multitude of applications in the form of wood, cotton, and other 
plant fibers as a source of energy, building material and apparel; and has most 
significantly contributed to human culture and civilization in the form of paper.
1
 
Cellulose is an organic polymer existing in the greatest abundance, comprising 
about 1.5 × 10
12
 tons of the total annual biomass production and is expected to foster 
the escalating demand for the low cost as well as environment-friendly and 
biocompatible polymeric products.
2
  Wood pulp has served as the most significant 
raw material source for cellulose processing till today, being employed extensively for 
paper and cardboard manufacturing, while about 2% (≥ 3 million tons) utilized for the 





cellulose derivatives via esterification and etherification.  Wood cellulose exists as a 
native composite material with lignin and other polysaccharides seeking a passage 
through chemical pulping, separation, and purification for the sake of isolation while 
the seed hairs of cotton as another source of botanical origin offer an almost pure form 
of cellulose. 
Depending upon the origin and/or mode of synthesis, there are four different 
pathways to access the most abundant natural polymeric material (Scheme 1) with 
plants being the most prominent source as mentioned earlier.  Apart from plants, the 
second major source of cellulose also belongs to the natural habitat including bacteria, 
algae, and fungi, producing cellulose forms with specific supramolecular architecture 
employed as model substances for various research endeavors in the domains of 



















































revealed that the biosynthesis of cellulose has been a part of the life cycle of 
cyanobacteria for over 3.5 billion years.
3
   
Recent years have witnessed an exciting development in the synthesis of 
naturally occurring polymers, namely in-vitro synthesis of cellulose, opening up new 
vistas on the horizon of macromolecular architecture.
4
  Kobayashi and co-workers 
were the first to report the cellulase-catalyzed synthesis of cellulose starting from 
cellobiosyl fluoride
5
 while Nakatsubo et al furnished the first example of 




All the magnetism and beneficence of this fascinating biopolymer emanates 
from its specific structure, epitomizing an amazing conjunction of carbohydrate and 
polymer chemistry, drawing its roots from a low molecular weight carbohydrate, 
glucose, and emerging into the world of macromolecules with surprisingly specific and 
impressively diverse architectures, reactivity, and functions. 
The repeated connection of D-glucose building blocks, constituting the 
idiosyncratic cellulosic framework, bestows this homopolymer with unique structural 
peculiarities of extensive linearity, chain stiffness, chirality, hydrophilicity, and 
biodegradability, high degree of functionality, broad derivatization/modification 
capability, versatile fiber morphologies, and supramolecular architecture. 
The molecular structure of cellulose is illustrated in Figure 1 delineating a 
carbohydrate polymer, comprised of β-D-glucopyranose units with acetal functions 
accomplishing the β-1,4-glucan linkage (between the equatorial hydroxy groups on C4 
and C1 carbon atoms) with every second unit rotated 180° in the plane in order to 
accommodate the acetal oxygen bridges in the preferred alignment, as it is 



































biogenetically formed.  The presence of β-1,4-glycosidic linkage leads to an 
extensively linear polymeric structure with a large number of hydroxy groups (three 
per anhydroglucose (AGU) unit) present in the thermodynamically preferred 
4
C1 
conformation.  The OH groups in cellulose are responsible for extensive hydrogen 
bonded networks imparting a variety of partially crystalline fiber structures and 
morphologies.  The distinct polyfunctionality, high degree of chain stiffness, and 
sensitivity of the acetal linkages towards hydrolysis and oxidation are the most 
significant parameters in determining the role of cellulose in the world of synthesis 
and derivatization.  Furthermore, the chemical reactivity and properties of cellulose 
are greatly influenced by the intermolecular interactions, chain lengths, chain-length 
distribution, and by the distribution of functional groups on the repeating units and 
along the polymer chains. 































R = CH3 and CH3CH2 Cellulose Acetate Propionate
R = CH3 and CH3CH2CH2 Cellulose Acetate Butyrate





The synthesis of cellulose nitrate laid the foundations for the chemical derivatization 
of the inexhaustible natural polymer followed by the synthesis of first thermoplastic 
polymer called celluloid in 1870, marking a milestone in the history of polymer 
science that revolutionized our modern life style.
7,8
  Since then there became an 
avalanche of man-made or regenerated cellulose fibers based on wood pulp rather than 
native cellulose fibers, for textiles and technical products.  Rayon is the oldest 
regenerated cellulosic fiber having been in commercial production since 1880s in 
France, where it was originally developed as a cheap alternative to silk, followed by 
the viscose process, currently the most important large scale technical process in fiber 
production,
9
 and finally by the Lyocell process, an industrial breakthrough opening 
new frontiers in the field of environment-friendly fiber technologies.
10,1a
 
By far now, the ester and ether derivatives of cellulose (exemplified in 





















R = H Hydroxyethyl Cellulose







R = CH3CH2 Ethyl Cellulose





chemistry offering the most distinct and momentous applications of commercial and 
technical significance.  Cellulose esters have found a variety of applications as 
classical material-coatings and controlled-release systems while recent developments 
include enteric coatings, hydrophobic matrices, and semipermeable membranes for 
applications in pharmacy, agriculture, and cosmetics.  Furthermore, to serve the quest 
for high-performance materials based on renewable resources, cellulose esters are 
being widely employed as binders, fillers, and laminate layers in composites and 
laminates, as excellent material for photographic films, and as membrane-forming 
materials serving for gas separation, water purification, food and beverage processing, 
medicinal and bioscientific applications.
11
  On the other hand, cellulose ethers on 
account of good solubility, high chemical resistance, and non-toxic nature are being 
utilized in drilling technology and building materials, as additives for drilling fluids to 
provide consistency control and to control the rheology and processing of plaster 
systems, and function as stabilizers in food, and constitute the principle ingredients of 
pharmaceutical and cosmetics formulations as well.
12
 
Recently, there has been an intense interest to exploit the biocompatibility, 
biodegradability, and chirality of naturally occurring renewable sources of polymeric 
materials.  The past few years have witnessed an extensive research activity to 
elucidate the new ways of synthesis and to unveil the unique properties of 





 in enantioselective separation,
15
 as composites with 
synthetic as well as biopolymers,
16







 as adsorbents for the extracorporeal blood purification,
20




Membranes for Gas Separation
 
Membrane separation technology has emerged into a new era of advanced 
functional materials owing to its exquisite separation principle of selective transport 





requisition.  At present, a variety of novel membrane materials are employed for 
specific functions including the separation of small molecules like gases and vapors as 
well as relatively larger entities such as colloids and insoluble matter, the resolution of 
optical isomers, ions, or biological matter, and in catalytic membrane reactors and 
sensor systems, hence finding a multitude of potential applications in the domains of 
biomaterial, chemical, medicinal, and catalysis sciences.
22
 
“Membrane” serves as an interphase between two adjacent phases acting as a 
selective barrier, administering the transport of substances between two compartments 
under the influence of the potential gradient in concentration or pressure, or the 
electrical imbalance across the selective integument.
23
 
Regardless of the architectural diversities, the porous or non-porous nature and 
the pore size of the membrane are of vital significance in determining the transport and 
separation mechanisms.  Therefore the membrane-based separation processes can be 
broadly classified as strainer filtration, microfiltration, ultrafiltration, nanofiltration, 
dialysis, reverse osmosis, pervaporation, and gas separation.  Strainer filtration 
involves membranes possessing the pore-size of ≥ 5 μm and is used for the separation 
of large particulate matter in laboratories.  The microfiltration (MF) and ultrafiltration 
(UF) techniques rely on molecular sieving through the pores; the former makes use of 
membranes of 0.1–5 μm pore-size to filter fine particles and bacteria from water while 
the latter with the membrane pore-diameter of 2–50 nm is employed for concentration, 
fractionation, or purification processes to separate water and microsolutes from 
colloids.
24
  The pore-size of nanofiltration (NF) membranes (≤ 2 nm) is somewhat 
intermediate of those of the ultrafiltration and reverse osmosis membranes.  On the 
other hand, electrodialysis (ED), reverse osmosis (RO), and pervaporation (PV) 
membranes make use of both the polymer segmental gaps (~ 0.3–0.5 nm) and the 
micropores (≤ 1 nm).  RO, employed for sea-water desalination for drinking and 
process applications, and fine purification for medical and microelectronics 
industries,
25
 is based on the solution-diffusion model; ED utilizes ion exchange 





solution-diffusion mechanism for the separation of liquid mixtures.  The gas 
separation membranes are either non-porous or microporous with even smaller 
pore-size, finding applications in air separation, flue gas rectification, hydrogen 
purification, and natural gas sweetening.
26
 
Membrane technology for gas separation has engrossed substantial 
prominence due to the lower energy consumption, mechanical simplicity, and smaller 
footprints in comparison with the conventional separation methodologies, and is likely 
to accomplish a significant contribution in alleviating the environmental and 
energy-related concerns.  The use of polymeric membranes for gas separation dates 





 and S. von Wroblewski,
29
 demonstrating the capability of 
gases to permeate through non-porous polymeric films like rubber.  In 1855, Fick 
published a quantitative description of gas flux through the membranes,
30
 and in 1866, 
Graham proposed the so-called solution-diffusion model, a milestone in the annals of 
gas permeation,
28
 followed by the momentous endeavors of Bechhold and Karplus 
making the utility of microporous membranes widely accessible.
31,32
 
The gas transport performance of a membrane is ascribed to its permeability 
i.e. gas flux and selectivity for a specific gas in a mixture; and gas separation 
membranes are broadly categorized as: (i) porous membranes (ii) non-porous 
membranes and (iii) asymmetric membranes.  The porous membranes characterized 
by the presence of a large number of voids with interconnected pores are generally 
capable of displaying high gas permeability but relatively low permselectivity.  
Furthermore, the membrane properties are largely determined by the mode of 
preparation while solution casting, sintering, stretching, and phase separation are the 
most commonly used preparative techniques.  On the other hand, the non-porous 
membranes, as the name implies, possess neither the large scale voids nor the 
interconnected pores but the remarkable capability of separating the individual 
components of the gas pairs even with similar sizes, only on the basis of the disparity 





prepared by melt extrusion or solution casting and exhibit high permselectivity and 
rather low gas permeability.  An asymmetric membrane is made up of two distinct 
layers, a thin non-porous one responsible for the separation performance and a porous 
one to provide the physical support. 
In accordance with the type of the membrane, the membrane separation 
mechanisms for a binary gas mixture have been primarily classified into five 
categories, porous membranes (I–IV) and non-porous membranes (V), as illustrated in 
Figure 2.
22c,33
  With porous membranes, in the absence of any interaction between the 
gas molecules and the membrane „Knudsen flow‟ or Knudsen diffusion mechanism (I) 
is known to operate whereas „surface diffusion‟ (II) takes place if the gas molecules 
interact with the surface inside the pores and „capillary condensation‟ (III) acts for the 
transport of gases or vapors which tend to condense inside the pores.  The molecular 
sieve mechanism (IV) prevails for the porous membranes, with average pore-size 
greater than the molecular size of one of the gases, thus exhibiting extremely high 
separation performance; however, it is quite difficult to prepare well-ordered 
angstrom-size (i.e., gas size) pores in the polymer membranes. 





A simplified transport model is valid for all the porous membranes irrespective of 
their actual microporous structure.  The gas permeance, Q, through a porous 
membrane can be described as: 
  
 
where M is the molecular weight of the gas, R the gas constant, T the temperature, and 
Vc and Tc are the critical volume and critical temperature of the gas, respectively.
34
  α 
is the Knudsen diffusion factor and β is the surface diffusion factor, both of which are 
independent of the real geometric pore structures. 
On the other hand, the mechanism of gas separation by non-porous 
membranes is quite different from that of the porous integuments and is best explained 
by the solution-diffusion model,
35
 attributing the diffusion and solubility of gases in 
the membranes to the molecular properties of diameter, shape, or volume and 
condensability or polarity, respectively.
22c,33b,33c,36
  According to this mechanism, the 
gas molecules first dissolve in the surface of a dense membrane, and then the dissolved 
entities diffuse through the transient gaps between the polymer chains, hence, the 
permeation (P) of gas A through a polymer membrane is described as the product of 
gas solubility (S) in the upstream face of the membrane and effective average gas 
diffusion (D) through the membrane. 
 
       
In other words, permeability, the pressure- and thickness-normalized gas flux 
through the polymer film, depends upon two factors: a thermodynamic term, S, 
characterizing the number of gas molecules sorbed into and onto the polymer and a 
kinetic term, D, characterizing the mobility of gas molecules as they diffuse through 
the polymer.
37
  The solubility coefficient, S, is determined by the condensability of 
the penetrants, the polymer-penetrant interactions, and the amount of free volume in 
(1)  TcVcβeMRTQ 





the glassy polymer. The average diffusion coefficient, D, is a measure of the mobility 
of the penetrant between the upstream and downstream faces of the membrane and 
depends on the packing and motion of the polymer segments and on the size and shape 
of the penetrating molecules. 
The selectivity of gas A over gas B is defined as the ratio of the permeability 
coefficients of gas A and gas B, PA/PB. 
 
 
Selectivity can thus be described as the product of the ratios of solubility coefficients, 
(SA/SB) and diffusivity coefficients (DA/DB); the first term referred to as the solubility 
selectivity and the latter the diffusivity selectivity, and an increase in either or both 
entails enhanced permselectivity. 
Polymers with both high gas permeability and permeation selectivity are 
desirable for practical applications as higher permeability favors the curtailment of the 
required membrane area thereby reducing the capital cost of membrane units while 
higher selectivity results in the high purity product gas.  However, a rather general 
tradeoff relation has been recognized between permeability and selectivity, i.e., more 
permeable polymers generally tend to be less selective and vice versa.
38
  On the basis 
of an exhaustive literature survey,
38b,39
 Robeson proposed the so-called “upper bound” 
combinations of permeability and selectivity of known polymer membrane materials 
for various gas pairs and demonstrated this tradeoff relation empirically which was 
later on modeled by Freeman.
40
 
The gas permeability (P) of glassy polymers exhibits a more vital dependence 
on the gas diffusion coefficients (D) in comparison with the solubility coefficients (S) 
as the latter display a much narrower range if compared with the former; for instance, 











































been observed for the permeation of other gases.
41
  Moreover, in the presence of a 
slight or no interaction between the polymeric membrane and gas molecules, 
permselectivity has been observed to be primarily contingent upon the diffusivity 
selectivity rather than solubility selectivity,
22c,33b,33c,36
 because the gas solubility is 
strongly dependent on the gas condensability (e.g., boiling point, critical temperature, 
Lennard-Jones force constant) rather than the polymeric structure.
42
 
Notwithstanding the primary structure of the polymer, the diffusion of gas 
molecules across a polymer membrane is correlated to its chain packing efficiency, i.e., 
fractional free volume (FFV) as below: 
 
     
where AD and BD are empirical constants varying from gas to gas and from one 
polymer to another and this relation holds if there is a little or no interaction between 
the gas molecules and the polymer chains.  As aforementioned, the gas solubility 
coefficients in glassy polymer membranes vary over a much narrower range and are 
quite exiguously swayed by the varying free volume than does the diffusivity, FFV is 
often directly correlated to gas permeability coefficients,
43
 
      
 
where AP and BP are adjustable parameters. 
Although the D and P values tend to decrease with increasing reciprocal FFV 
as expected from the Equations 4 and 5, better linear correlation coefficients were 
reported only for the structurally related polymers when Bondi‟s method is used to 
estimate FFV.  However, predictable correlations of general applicability could not be 
drawn presumably on account of the systematic errors in the van der Waals increments 



























fact that not only the size of the free volume elements (empirical FFV values) rather 
the free volume size distribution inside the polymer matrix is of considerable 
significance, both of which can be estimated by positron annihilation lifetime 
spectroscopy (PALS).
44
  Furthermore, the classical free volume theory does not take 
into account the effect of interchain interactions, however, the dielectric constant of 
polymer membranes is correlated to FFV which is strongly influenced by the polarity 
of polymers.  Based on the Clausius-Mossottii equation, gas diffusivity and gas 




where  A, A’, B, B’ are adjustable constants, VW is the specific van 
der Waals volume, and PLL is the molar polarization.
45
  As  
takes into account the interaction between gas molecules and polymer chains, the 1 
values of 6FDA-based polyimides have been reported to be 1.62.2 times larger than 
FFV. 
Nevertheless, the solution-diffusion model is strictly valid for non-porous 
membranes of rubbery polymers and applies approximately to glassy polymers.  The 
mechanism of gas permeation through glassy polymeric membranes is complicated by 
the presence of thermodynamic non-equilibrium or excess free volume, effectuating 
variable sorption behavior above or near the glass transition temperature (Tg) and when 
the polymer matrix is plasticized by the penetrant gases.  However, the „dual-mode 
model‟ serves as a well-established empirical correlation invoking a combination of 
Henry‟s law domains and unrelaxed (Langmuir-type) regions, the latter corresponding 
















































The solubility coefficient, S, for equilibrium gas sorption in glassy polymers is 





where kD is the Henry‟s law coefficient, C′H is the Langmuir or hole-filling capacity of 
the glass, and b is the hole-affinity constant.  On the other hand, the diffusion 
coefficient, D, interpreted in terms of the frequency (f) and jump length (λ) of the 





The dual-mode sorption and transport model has successfully explained the 
pressure dependence of permeability by taking into account two distinct diffusion 
coefficients ascribable to two separate sorption sites.
46a,46c
  Hence, the permeability 
coefficient, P, of a glassy polymer is related to DD (Henry‟ law diffusion coefficient), 




In the case of non-porous membranes, the characteristics of gas permeation 
exhibit direct reliance on the subtle structural features of membrane materials, and 














 and a few of cellulose derivatives
54
 have been employed as gas 
































has been directed towards the development of membrane materials whose gas 
separation performance transcends the limits imposed by the upper bound.  Despite 
such a voluminous activity revealing the subtle mechanistic aspects of gas transport 
and remarkably increasing commercial significance of environment-friendly and 
cost-effective membrane separation technology, a few polymeric membranes could be 
of industrial interest on account of the inherent drawbacks of low 
permeability/selectivity, high cost, lack of endurance under high temperature, and 
plasticization by the penetrant, etc.  
 
Research Objectives 
As demonstrated above, ethyl cellulose, cellulose acetate, and hydroxypropyl 
cellulose enjoying the remarkable attributes of chirality, thermal stability, 
biocompatibility, non-toxicity, and low cost along with the marvelous peculiarity of 
organosolubility reign the realm of cellulose chemistry on account of the most pivotal 
synthetic, technical, and commercial significance.  Hence, the present dissertation 
highlights the derivatization of aforementioned organosoluble cellulosics 
accomplishing the synthesis of novel functional cellulose derivatives via 
etherfication/esterification/carbamoylation, and encompasses the elaborate elucidation 
of structure, properties, and innovative frontiers of potential applications. 
The substitution of residual hydroxy groups by specific functionalities of 
varied chemical nature, size/bulk, and shape was envisaged to bear profound impact on 
the structural characteristics and properties of the derivatized polymers.  Therefore, a 
variety of organic side groups like non polar and slightly bulky silyl moieties; various 
lengths of hydrophobic perfluoroalkanoyl groups; polar, bulky, and almost spherical 
amidoimide dendritic wedges; spherical and moderately polar carbamoyl pendants, 
and biocompatible aminoalkanoyl functionalities of varied polarity were incorporated 
into ethyl cellulose/cellulose acetate/hydroxypropyl cellulose, and considerable 
transformation of properties was witnessed accompanying the alteration of polymeric 





Keeping in view, the commercial, environmental, and energy-related 
significance of membrane based separation to fulfill the desire for sustainable 
chemical processing and to meet the requisites of good separation performance 
together with low cost and durability, author has envisioned the development of gas 
separation membranes based on the most sustainable and promising biopolymer of 
21st century. 
Ethyl cellulose and cellulose acetate have been the subject of gas separation 
membranes for several years, however, no considerable attempts have been made to 
effect the derivatization of these low cost membrane-forming cellulosics or to 
elucidate the role of various pendants in the transformation of architectural 
characteristics and thus the gas transport performance of new functionalized 
derivatives.  The present treatise narrates the profound impact of the incorporation of 
a number of pendants of varied chemical nature on the gas permeation parameters of 
ethyl cellulose and cellulose acetate.  The history of polymeric gas separation 
membranes celebrates the presence of spherical silyl groups to bestow the acetylenic 
polymers with high gas permeability thus new silylated derivatives of ethyl cellulose 
were fabricated into free-standing membranes.  The author reasoned the increased 
diffusion coefficients leading to higher gas permeability to emanate from the enhanced 
local mobility despite the decrement in the solubility coefficients on account of the 
attenuated fractional free volume.  Owing to the high electronegativity of fluorine 
atoms, fluorinated polymers are known to display the unique characteristics of high 
gas permeability with reasonable permselectivity.  The fluorinated derivatives of 
ethyl cellulose are inferred to possess higher gas diffusion and solubility thus 
improved gas permeability due to the enhanced FFV ensuing from the repulsive 
interaction between fluorine atoms, on the other hand, high chain stiffness helped 
preventing the expected loss of permselectivity.  Moreover, polar functionalities such 
as poly(amidoamine) dendrimers exploited in the form of composite or immobilized 
liquid membranes have recently been revealed to offer excellent CO2 separation 





cellulose to decipher the impact of polar substituents on the structural characteristics 
and hence the gas permeation parameters of the polymeric membranes.  The 
attenuated FFV of the polymer matrices has been described to be at the helm of the 
decrement in the gas diffusion and solubility and consequently the decreased gas 
permeability of the membranes.  However, the increase in CO2 permselectivity was 
not so evident and has been explicated by the author to be due to the unavailability of 
the polar groups on the peripheries to interact with CO2.  As discussed above, 
spherical pendants are acknowledged to endow the polymers with enhanced local 
mobility; therefore a blend of polar and spherical substituents was envisioned to 
enhance permeability without loss in CO2 permselectivity.  The interpolation of 
moderately polar carbamoyl groups with spherical t-butyl periphery was accomplished 
to bring in the improved gas permeability which was much more pronounced for the 
carbamates of cellulose acetate while no significant decrease in CO2 permselectivity of 
polymer membranes has been ascribed to the retained solubility selectivity. 
The intricate features of synthetic strategies and mechanistic aspects of 
cellulosic membranes explored in the present study are anticipated to lead us to new 
frontiers of potential applications of this renewable energy resource. 
 
Outline of the Thesis 
The present dissertation delineates the synthesis of novel functional cellulose 
ethers/esters, their characterization and investigation of various properties, and is 
comprised of five chapters.  A variety of functional substituents have been appended 
to the backbone of different organosoluble cellulosics, i.e., ethyl cellulose, cellulose 
acetate, and hydroxypropyl cellulose while the core synthetic strategy was to exploit 
the residual hydroxy protons for the sake of derivatization.  The incorporated 
moieties encompass various silyl, perfluoroacyl, dendryl, carbamoyl, and 
aminoalkanoyl groups, and the nature of the substituents was revealed to be of 





the derivatized polymers.  Moreover, the role of functional appendages on the 
fabricability of free-standing membranes and in tailoring the gas permeation 
characteristics has been elucidated in detail. 
Chapter 1 describes the synthesis of silyl ethers of ethyl cellulose (R = Me3Si, 
2a; Et3Si, 2b; Me2-i-PrSi, 2c; Me2-t-BuSi, 2d; Me2-n-OctSi, 2e; Me2PhSi, 2f) and the 
effect of the incorporation of silyl substituents on the solubility, thermal stability, and 
gas permeation parameters of the starting polymer/ethyl cellulose.  Silylation of ethyl 
cellulose (DSEt, 2.69) was accomplished with halosilanes of diversified chemical 
nature (alkyl and aryl) and various chain lengths.  The substitution of hydroxy groups 
with nonpolar bulky silyl moieties accompanied the enhanced solubility in relatively 
nonpolar solvents without any significant decrease in thermal stability.  The gas 
permeability of all of the silylated derivatives was higher than that of ethyl cellulose 
and followed a decline with increasing size/bulk of the silyl pendants (2a > 2b ≈ 2c > 
2d > 2e > 2f > 1) whereas 2a–c were located above the upper bound for the CO2/N2 
gas pair.  The enhanced gas permeability was elucidated to ensue from the increment 
in the gas diffusion coefficients because of the increased FFV of the polymer 
membranes. 
Chapter 2 reveals another contribution in the synthetic arena of novel 
cellulose derivatives demonstrating the quantitative esterification of ethyl cellulose 
(DSEt, 2.69) with perfluoroalkanoyl substituents of various chain lengths and partial 






























incorporation of perfluorobenzoyl group (R = CF3CO, 3a; C2F5CO, 3b; C3F7CO, 3c; 
C7F15CO, 3d; C6F5CO, 3e).  The substitution of perfluoroacyl pendants had an 
evident influence on various properties of ethyl cellulose, and the resulting polymers 
(3a–e) were more soluble in polar aprotic and nonpolar solvents while the completely 
acylated derivatives were soluble in fluorinated solvents as well.  Perfluoroacylation 
resulted in the enhanced hydrophobicity and derivatized polymers exhibited higher 
contact angle with water on the surface.  Trifluoroethanoyl derivative (3a) displayed 
the highest glass transition temperature which decreased with the increment in the 
length of the alkyl chain.  Furthermore, the gas permeability of perfluoroalkanoylated 
derivatives was 2–3 times higher than that of ethyl cellulose by the virtue of the 
augmentation in the gas diffusion coefficients emanating from the repulsion between 
highly electronegative fluorine atoms thus leading to the enhanced FFV of the polymer 
matrices.  
Chapter 3 is concerned with a successful merger of two unique families of 
macromolecular architectures delineating a pathway to dendronized cellulose 
derivatives and elucidates the effect of amidoimide dendritic substituents on the 
solubility behavior, thermal characteristics, and gas permeation properties of the 
dendron-functionalized polymers.  G1 and G2 of amidoimide dendrons with 
branched alkyl periphery and focal carboxyl moiety were synthesized via a convergent 
in THF




























































strategy (G1-a-ІІ–G1-c-ІІ and G2-a-ІІ–G2-c-ІІ) and coalesced with ethyl cellulose 
through ester linkage.  All of the dendronized derivatives of ethyl cellulose (4a–c, 
5a–c) displayed fair thermal stability and a considerable lowering of glass transition 
temperature in comparison with the starting polymer, the latter being ascribable to the 
fairly bulky nonpolar alkyl peripheries.  An appreciably good solubility of 
G1-functionalized polymers in CHCl3 rendered the free-standing membranes‟ 
fabrication feasible by solution casting.  The incorporation of bulky dendritic 
substituents into ethyl cellulose led to the more dense membrane structure with 
attenuated fractional free volume, thus decrement in the gas permeability of polymer 
membranes.  However, an enhanced permselectivity for He/N2, H2/N2, CO2/N2, and 
CO2/CH4 gas pairs was discerned. 
In Chapter 4, synthesis of t-butylcarbamates of ethyl cellulose (1a: DSEt, 2.69, 










































































DSCarb, 0.54; and 8a: DSAc, 1.80, DSCarb, 1.20) along with the solubility behavior, 
thermal characteristics, and gas permeation properties of the carbamoylated cellulosics 
has been discussed.  The derivatization imparted the polymers with improved 
organosolubility especially for the t-butylcarbamate of cellulose acetate (8a), and a 
slight decrement in glass transition temperature was witnessed presumably due to the 
presence of bulky t-butyl moieties.  The carbamate formation led to the enhanced gas 
permeability which was observed to ensue from the augmented gas diffusion 
emanating from the increased local mobility of the polymer matrix.  The increase in 
the gas permeation and diffusion coefficients was much more remarkable for the 
t-butylcarbamates of cellulose acetate than those of ethyl cellulose.  Nevertheless, the 
CO2 solubility selectivity hence the CO2/N2 permselectivity was almost retained owing 
to the presence of polar carbamate linkages. 
Chapter 5 deals with the derivatization of a physiologically inert, 
biocompatible, water soluble cellulose ether of remarkable commercial and 
pharmaceutical significance with amino acids, the basic building blocks of nature 
being widely employed in the domain of biocompatible architectures.  
Hydroxypropyl cellulose (HPC) was esterified with the t-Boc-protected amino acid 
functionalities of varied chemical nature, shape, and bulk and the degree of amino acid 
incorporation was deciphered to be prone to the steric hindrance imposed by the bulk 
of the substituent on the α-carbon of amino acids.  The incorporation of 
aminoalkanoyl moieties accompanied the enhanced hydrophobicity (water 
insolubility) without any detriment of organosolubility and a significant increase in 
glass transition temperature thus transforming a rubbery starting material into almost 
glassy polymers. 
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In conclusion, the author has successfully synthesized a number of novel 
cellulose derivatives appended with a variety of functional entities and has fully 
characterized the resulting polymers by making use of IR and NMR spectroscopic 
identification, elemental analysis, and molecular-weight determination etc.  The 
nature of the substituent played a dominant role in determining the solubility and 
thermal characteristics of the polymers, for instance, the silylated and 
perfluoroacylated polymers displayed inclination towards nonpolar solvents, those 
with moderately polar G1 dendritic moieties were soluble in moderately polar solvents 
and highly polar protic solvents while the augmented polarity in going to 
G2-dendronized polymers imparted the relatively poor solubility characteristics.  On 
the other hand, the carbamoyl- and amino acid-functionalized polymers exhibited very 
good organosolubility probably due to the presence of polar linkages along with the 
bulky alkyl peripheries.  As far as the thermal characteristics are concerned, the 
dendron-functionalized ethyl cellulose derivatives exhibited the highest thermal 
stability (T0, 295–325 °C) while the trifluoroacetylation conferred the polymers with 
the greatest chain stiffness (3a; Tg, 227 °C).  Furthermore, the gas permeation 
characteristics were revealed to be a dynamic interplay of two intricate structural 
features, i.e., local/segmental mobility and free space available inside the polymer 
matrix, both sensitive to the nature (polarity), shape, and bulk of the side groups in the 
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coefficients showed more bearing on the gas diffusion through the polymer 
membranes displaying a considerable reliance on the local mobility of the substituents 
whereas the gas solubility seemed to be more affected by the polarity of the side 
groups and the FFV of the polymer matrix. 
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Synthesis, Characterization, and Gas Permeation Properties of 




Silyl ethers of ethyl cellulose (2a–f) were synthesized in good yield by the 
reaction of various chlorosilanes with residual hydroxy groups of ethyl cellulose (1; 
DSEt, 2.69).  
1
H NMR and FTIR spectra of the silylated polymers furnished the 
evidence for complete substitution of hydroxy protons by the silyl groups.  Silylated 
derivatives of ethyl cellulose (2a–f) were soluble in common organic solvents and 
displayed enhanced solubility in relatively nonpolar solvents due to the substitution of 
hydroxy groups.  The onset temperatures of weight loss of the silylated derivatives 
(2a–f) in air were higher than 270 ºC, indicating fair thermal stability.  Free-standing 
membranes of 1 and 2a–f were fabricated by casting their toluene solution and all the 
silylated derivatives (2a–f) exhibited enhanced gas permeability (P) as compared to 
ethyl cellulose (1).  An increment in the size of the silyl group led to the decrement in 
gas permeability of the polymers, and trimethylsilyl derivative (2a) exhibited the 
highest P value.  The PCO2/PN2 values of the polymers (2a–f) were observed to be in 
the range of 15–19, and the data for 2a, 2b, and 2c were located above the upper 
bound in the plot of permselectivity versus permeability for CO2/N2 gas pair.  For all 
the six gases under study, gas diffusion coefficients (D) increased upon silylation while 
gas solubility coefficients (S) underwent a decline. 
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Introduction 
Polymeric gas separation membranes have engrossed substantial prominence, 
contributing to sustainable chemical processing in the past two decades and are being 
exploited in a wide array of commercial applications.
1
  At present, a variety of gas 
mixtures of industrial interest are being separated by the selective permeation of the 
components through non-porous membranes made of glassy polymers such as 
polyacetylenes, polyimides, and polysulfones.
2
  Among them silylated polyacetylenes 
are a class of highly gas-permeable glassy materials as they possess many microvoids 
in the polymer matrix due to their stiff main chain composed of alternating double 
bonds and the steric effect of the spherical pendant groups.
1b,3
  One of them, 
poly(1-trimethylsilyl-1-propyne) [poly(TMSP)] is the most gas-permeable material 
and many studies concerning the gas permeation properties of this polymer have been 
reported till today.
1b,4  
Most of poly(1-aryl-2-phenylacetylenes) having spherical 
substituents on the phenyl moiety also exhibit high gas permeability.
3a,5  
For instance, 
the oxygen permeability coefficient (PO2) of 
poly[1-phenyl-2-(p-trimethylsilyl)phenylacetylene] [poly(TMSDPA)] is 1500 
barrers,
5a
 which is quite high among all the synthetic polymers.  However, there 
remains a strong need to develop high flux membranes with high selectivity and 
fouling-resistant properties for large-scale applications.  Physical or chemical 
modification of polymers is an attractive alternative to tailor the gas permeability and 
permselectivity of membrane-forming materials, as desired for specific applications.
 
 
Ethyl cellulose is derived from an inexhaustible natural polymeric material, 
cellulose, and possesses the fascinating structure and properties such as extensive 
linearity, chain stiffness, good solubility in organic solvents, adequate 
membrane-forming ability, moderate gas permeation/pervaporation capability, 
excellent durability, good film-flexibility, chemical resistance, mechanical strength, 
hydrophobicity, non-toxicity and low cost.
6
  Ethyl cellulose has been the subject of 
research activity for oxygen enrichment for several years;
7 
however, only a few studies 
concerning the systematic investigation of gas/vapor transport through ethyl cellulose 
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membranes have been reported.
8
  Despite the fact that the carbon dioxide 
permeability exhibited by ethyl cellulose (PCO2  is ~110 barrers) is not as high as those 
of silylated polyacetylenes, the carbon dioxide/nitrogen permselectivity (PCO2/PN2 is 
~22) is fairly high.
7f
  Since silyl groups often favor high gas permeability,
1b,3,4,5
 
silylated derivatives of ethyl cellulose are expected to be interesting candidates for gas 
separation membranes.   
The present chapter deals with the synthesis of various silyl ethers of ethyl 
cellulose (2a–f), their characterization, and elucidation of various properties.  
Free-standing membranes of the starting as well as silylated polymers were fabricated 
and their density, fractional free volume, and gas permeation parameters were 
determined.  Furthermore, the diffusion and solubility coefficients of polymer 






H NMR spectra were recorded on a JEOL EX-400 
spectrometer and the residual proton signal of the deutrated solvent was used as 
internal standard.  The samples for the NMR measurements were prepared at a 
concentration of approximately 10 mg/mL and chemical shifts are reported in parts per 
Scheme 1.  Silylation of Ethyl Cellulose with Various Chlorosilanes. 
Silylation of Ethyl Cellulose 
 34 
million (ppm).  Infrared spectra were recorded on a Jasco FTIR-4100 
spectrophotometer.  The number- and weight-average molecular weights (Mn and Mw, 
respectively) and polydispersity indices (Mw/Mn) of polymers were measured by GPC 
at 40 ºC with a Jasco PU-980/RI-930 chromatograph (eluent THF, columns KF-805 
(Shodex) × 3, molecular weight range up to 4×10
6
, flow rate 1 mL/min).  The elution 
times were converted into molecular weights using a calibration curve based on 
polystyrene standards in combination with the information obtained from the refractive 
index detector.  Thermogravimetric analyses (TGA) were conducted in air with a 
Perkin-Elmer TGA7 thermal analyzer by heating the samples (3–5 mg) from 100–700 
ºC at a scanning rate of 10 ºC min
-1
.  Membrane thickness was estimated by using a 
Mitutoyo micrometer.  The gas permeability coefficients (P) were measured with a 
Rikaseiki K-315-N gas permeability apparatus using a constant 
volume/variable-pressure system.  All of the measurements were carried out at 25 ºC 
and a feed pressure of 0.1 MPa (1 atm) while the system was being evacuated on the 
downstream side of the membrane. 
Materials.  Ethyl cellulose (1; ethoxy content, 49 wt%) and imidazole were 
purchased from Aldrich and Wako (Japan), respectively, and used as received.  
Chlorotrimethylsilane, chlorotriethylsilane, chlorodimethylisopropylsilane, 
chlorodimethyl-n-octylsilane, chlorodimethylphenylsilane (Tokyo Kasei, Japan), and 
chloro-t-butyldimethylsilane (Aldrich) were obtained commercially and used without 
further purification.  Tetrahydrofuran, used as reaction solvent, was purchased from 
Wako (Japan) and employed after distillation. 
 Silylated derivatives of ethyl cellulose (2a–f) were synthesized according to 
Scheme 1.  The details of the synthetic procedure and analytical data are as follows: 
 Trimethylsilyl Derivative of Ethyl Cellulose (2a).  A 200 mL one-necked 
flask was equipped with a dropping funnel, a three-way stopcock, and a magnetic 
stirring bar.  Ethyl cellulose (1.43 g, 6.10 mmol) and imidazole (2.49 g, 36.6 mmol) 
were placed in the flask, evacuated for half an hour, flushed with nitrogen, and 
dissolved in THF (50 mL) at room temperature.  Then, chlorotrimethylsilane (2.31 
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mL, 18.3 mmol) was added dropwise and stirring was continued for 24 h at room 
temperature.   Product was isolated by precipitation in methanol (1000 mL), filtered 
with a membrane filter, washed repeatedly with methanol and acetone successively 
and dried under vacuum to constant weight to afford the desired product (89%) as 
white solid.  IR (ATR, cm
-1
): 2972, 2870, 1375, 1249, 1088, 1049, 879, 842; 
1
H NMR 
(400 MHz, CDCl3, 25 ºC, ppm): 4.31–3.00 (m, 12.4H, OCH2CH3, OCH, OCH2), 1.12 
(brs, 8.07H, OCH2CH3), 0.094 (s, 2.79H, SiCH3). 
Triethylsilyl Derivative of Ethyl Cellulose (2b).  This derivative was 
prepared by following the same procedure as for 2a using chlorotriethylsilane instead 
of chlorotrimethylsilane.  Yield 92%, white solid, IR (ATR, cm
-1
): 2977, 2873, 1375, 
1090, 1050, 819, 738; 
1
H NMR (400 MHz, CDCl3, 25 ºC, ppm): 4.30–2.89 (m, 12.4H, 
OCH2CH3, OCH, OCH2), 1.12 (brs, 8.07H, OCH2CH3), 0.93 (brs, 2.79H, SiCH2CH3), 
0.64 (brs, 1.86H, SiCH2CH3). 
Dimethylisopropylsilyl Derivative of Ethyl Cellulose (2c).  This derivative 
was prepared by following the same procedure as for 2a using 
chlorodimethylisopropylsilane instead of chlorotrimethylsilane.  Yield 90%, white 
solid, IR (ATR, cm
-1
): 2972, 2867, 1374, 1253, 1089, 1050, 922, 850, 829, 802, 777; 
1
H NMR (400 MHz, CDCl3, 25 ºC, ppm): 4.30–2.98 (m, 12.4H, OCH2CH3, OCH, 
OCH2), 1.12 (brs, 8.07H, OCH2CH3), 0.92 (brs, 1.86H, SiCH(CH3)2), 0.05 (brs, 2.17H, 
SiCH3, SiCH(CH3)2). 
Dimethyl-t-butylsilyl Derivative of Ethyl Cellulose (2d).  This derivative 
was prepared by following the same procedure as for 2a using 
chlorodimethyl-t-butylsilane instead of chlorotrimethylsilane and precipitation was 
carried out using water in place of methanol.  Yield 88%, white solid, IR (ATR, 
cm
-1
): 2974, 2868, 1375, 1092, 1056, 1000, 839; 
1
H NMR (400 MHz, CDCl3, 25 ºC, 
ppm): 4.30–3.00 (m, 12.4H, OCH2CH3, OCH, OCH2), 1.13 (brs, 8.07H, OCH2CH3), 
0.85 (brs, 2.79H, SiC(CH3)3), 0.05 (brs, 1.86H, SiCH3). 
Dimethyl-n-octylsilyl Derivative of Ethyl Cellulose (2e).  This derivative 
was prepared by following the same procedure as for 2a using 
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chlorodimethyl-n-octylsilane instead of chlorotrimethylsilane.  Yield 92%, white 
solid, IR (ATR, cm
-1
): 2971, 2922, 1375, 1089, 1050, 922, 839; 
1
H NMR (400 MHz, 
CDCl3, 25 ºC, ppm): 4.31–2.89 (m, 12.4H, OCH2CH3, OCH, OCH2), 1.24 (brs, 3.72H, 
CH2(CH2)6), 1.12 (brs, 8.07H, OCH2CH3), 0.86 (t, 0.93H, CH2CH3), 0.6 (brs, 0.62H, 
SiCH2), 0.08 (s, 1.86H, SiCH3). 
Dimethylphenylsilyl Derivative of Ethyl Cellulose (2f).  This derivative 
was prepared by following the same procedure as for 2a using 
chlorodimethylphenylsilane instead of chlorotrimethylsilane.  Yield 87%, white solid, 
IR (ATR, cm
-1
): 2972, 2870, 1443, 1428, 1375, 1251, 923, 855, 830, 787, 741, 700; 
1
H 
NMR (400 MHz, CDCl3, 25 ºC, ppm): 7.61–7.24 (m, 1.55H, SiC6H5), 4.25–2.98 (m, 
12.4H, OCH2CH3, OCH, OCH2), 1.12 (brs, 8.07H, OCH2CH3), 0.39 (s, 1.86H, SiCH3). 
Determination of the Degree of Substitution.  The degree of substitution 
with ethyl group (DSEt) of the starting material, ethyl cellulose, and the degree of 
substitution with silyl group (DSSi) of the silylated derivatives (2a–f) were determined 
by 
1
H NMR (Figure 1).  The total degree of substitution (DStotal) of 2a–f was 
calculated by the following equation: 
 
DStotal = DSEt + DSSi 
 
Membrane Fabrication.  Membranes (thickness ca. 40–80 μm) of polymers 
1 and 2a–f were fabricated by casting their toluene solution (concentration ca. 
0.50–1.0 wt%) onto a Petri dish.  The dish was covered with a glass vessel to retard 
the rate of solvent evaporation (3–5 days). 
Membrane Density.  Membrane densities (ρ) were determined by 
hydrostatic weighing using a Mettler Toledo balance (model AG204, Switzerland) and 
a density determination kit.
9
  This method makes use of a liquid with known density 
(ρ0), and membrane density (ρ) is calculated by the following equation: 
 




where MA is the weight of membrane in air and ML is that in the auxiliary liquid.  
Aqueous NaNO3 solution was used as an auxiliary liquid. 
 Fractional Free Volume (FFV) of Polymer Membranes.  FFV (cm
3
 of free 
volume/cm
3
 of polymer) is commonly used to estimate the efficiency of chain packing 
and the amount of space (free volume) available for gas permeation in the polymer 




FFV = (υsp – υ0)/ υsp ≈ (υsp – 1.3 υw)/ υsp 
 
where υsp and υ0 are the specific volume and occupied volume (or zero-point volume at 
0 K) of the polymer, respectively.  Typically, occupied volume (υ0) is estimated as 1.3 
times the van der Waals volume (υw), which is calculated by the group contribution 
method.
11
      
Measurement of Gas Permeation Parameters.  The P values were 
calculated from the slopes of time-pressure curves in the steady state where Fick’s law 
holds.
12







here, l is the membrane thickness and θ is the time lag, which is given by the intercept 
of the asymptotic line of the time-pressure curve to the time axis.  The membrane 
thickness was controlled so that the time lag would be in the range of 10–300 s, 
preferably 30–150 s.  When the time lag was < 10 s, the error of measurement 
became relatively large.  If the time lag was, on the contrary, > 300 s, the error arising 
from the baseline drift became serious.  The gas solubility coefficients (S) were 
calculated by using the equation, S = P/D. 
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Results and Discussion 
Silylation of Ethyl Cellulose.  Silylation of ethyl cellulose was carried out 
by employing various chlorosilanes as silylating agents, THF as a solvent, and 
imidazole as a base as shown in Scheme 1, and the results are summarized in Table 1.  
Figure 1.  
1
H NMR spectra of polymers 1 and 2a–f in CDCl3 at 25 ºC. 










 1 0.00 2.69 195 000 3.46 
2a 0.32 3.01 187 000 2.26 
2b 0.31 3.00 237 000 2.90 
2c 0.33 3.02 289 000 4.24 
2d 0.31 3.00 206 000 3.11 
2e 0.34 3.03 264 000 2.20 
2f 0.38 3.07 168 000 2.59 
a 




 Determined by GPC (THF, PSt). 
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The DSEt of ethyl cellulose was estimated to be 2.69, by calculating the integration 
ratio of methyl protons (labeled as a, in Figure 1) to the rest of the protons in ethyl 
cellulose, indicating the presence of 0.31 hydroxy groups per anhydroglucose unit.  
Degree of silylation (DSSi) of polymers (2a–f) was determined by calculating the 
integration ratio of the methyl protons of ethyl (labeled as a, in Figure 1) to those of 
silyl content (labeled as b, in Figure 1) and complete silylation of the residual hydroxy 
groups of ethyl cellulose was observed.  IR spectra of the polymers (as exemplified in 
Figure 2) furnished further evidence for quantitative silylation due to the presence of 
the peaks characteristic of the silyl group (1375–1425 cm-1, 775–850 cm-1) and the 
absence of the broad band characteristic of the hydroxy group (3200–3600 cm-1).  
According to GPC data of the polymers (Table 1), weight-average molecular weights 
(Mw) and polydispersity indices (Mw/Mn) of the silyl ethers were not quite different 
from those of 1.  For instance, the Mw and Mw/Mn of 1 were observed to be 195,000 
and 3.46 while those of 2a were 187,000 and 2.26, respectively.  These facts rule out 
any sort of polymer chain cleavage in the course of silylation. 
Figure 2.  ATR-FTIR spectra of polymers 1, 2e and 2f. 
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Solubility and Thermal Stability of Polymers.  The solubility properties of 
polymers 1 and 2a–f are summarized in Table 2.  The silylated ethyl cellulose 
derivatives (2a–f) displayed enhanced solubility in nonpolar solvents.  Ethyl cellulose 
(1) was soluble in DMF, while its silylated derivatives were either insoluble or partly 
soluble.  Similarly, 1 exhibited solubility in methanol, while its silylated derivatives 
were insoluble except 2d which was partly soluble.  On the other hand, all of the 
silylated polymers were soluble (2d was partly soluble) in hexane, a nonpolar solvent, 
while ethyl cellulose was insoluble.  This augmented nonpolar character of silylated 
derivatives of ethyl cellulose finds its explanation in the less polar character of siloxy 
groups as compared to the hydroxy groups present in ethyl cellulose. 
The thermal stability of polymers 1 and 2a–f was examined by 
thermogravimetric analysis (TGA) in air (Figure 3).  The onset temperatures of 
weight loss (T0) of 2a–d were in the range of 280–300 ºC (Table 3).  As the bulk of 
the silyl group increased, the onset temperature of weight loss became higher.  The T0 
value of 2e was lower than the rest owing to the presence of the silyl group having 
longer alkyl chain.  Polymer 2f displayed the highest thermal stability among 2a–f, 
probably imparted by the phenyl moiety in the silyl group.  These results imply that 
the thermal stability increases with increase in the stiffness of the silyl substituent and 
undergoes a decrease as the length of the alkyl chain in the silyl group increases.  
Table 2.  Solubility
a
 of Polymers 1 and 2a–f 
polymer 1 2a 2b 2c 2d 2e 2f 
hexane – + + + ± + + 
toluene + + + + + + + 
CHCl3 + + + + + + + 
THF + + + + + + + 
acetone – – – – + – + 
methanol + – – – ± – – 
DMF + – ± ± ± ± – 
a 
Symbols: +, soluble; ±, partly soluble; –, insoluble.  
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Although the thermal stability of the silylated derivatives of ethyl cellulose (2a–f), 
except 2f, is slightly lower than that of the starting material (1), it is still appreciably 
reasonable for practical applications as membrane-forming materials. 
Density and FFV of Polymer Membranes.  Table 3 lists the van der Waals 
volume (υw), density (ρ), and fractional free volume (FFV) of the polymer membranes 
(1 and 2a–f).  All of the silylated derivatives (2a–f) exhibited lower membrane 
density as compared to ethyl cellulose (1); e.g., the ρ value of 1 was observed to be 
1.095 while those of 2a–f were in the range of 1.034–1.091.  It was observed that an 
increase in the length of the alkyl chain in the silyl group led to a decrease in the 
density of the polymer membranes.  Although silylation of ethyl cellulose resulted in 
the decreased density of polymer membranes, this decrease was counterbalanced by 
the increased van der Waals volumes of the silylated derivatives and resulted in net 
decrease in the FFV of 2a–f as compared to the starting polymer membrane (1).  For 
instance, 2e exhibited the lowest value of fractional free volume (FFV is 0.148) in 
spite of its lowest density among all the silylated derivatives of ethyl cellulose (ρ is 
Figure 3.  TGA curves of polymers 1 and 2a–f (in air, heating rate 10 ºC min-1). 
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1.034), which is probably due to its highest van der Waals volume.    
Gas Permeation Properties.  The permeability coefficients of the 
membranes of polymers 1 and 2a–f to various gases measured at 25 °C are listed in 
Table 4, and their plot versus kinetic diameter of gases is shown in Figure 4.  The gas 
permeability of the silylated derivatives was higher than that of ethyl cellulose, and 








He H2 O2  N2 CO2 CH4 
 1 53  76 18   5.0 110 12 22 9.2 
2a 98 160 45 14 250 35 18 7.1 
2b 81 130 42 13 230 33 18 7.0 
2c 82 130 40 13 230 31 18 7.4 
2d 67 100 27   8.0 150 18 19 8.3 
2e 65  98 31 10 150 25 15 6.0 
2f 58  86 23   7.0 130 15 19 8.7 
a 




















/mol) ρc (g/cm3) FFVd 
 1 338 135.8 1.095 0.185 
2a 280 152.1 1.076 0.180 
2b 283 162.1 1.065 0.177 
2c 305 159.0 1.067 0.178 
2d 298 162.1 1.083 0.163 
2e 273 183.8 1.034 0.148 
2f 338 162.6 1.091 0.173 
a 
Onset temperature of weight loss observed from TGA measurement in air. 
b υw: 
van der Waals volume. 
c ρ: density. Determined by hydrostatic weighing. d FFV: fractional 
free volume. Estimated from membrane density. 
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approximately obeys the following order: 2a > 2b ≈ 2c > 2d > 2e > 2f > 1.  The order 
of the gas permeability coefficients corresponds to the shape, size, and mobility of the 
silyl substituents.  It has been reported that the increase in the bulk or the length of 
the alkyl group in the silyl moiety accompanies a decrease in the gas permeability; e.g., 
the PO2 of poly(TMSDPA) is 1500 barrers,
5a
 while those of 
poly[1-phenyl-2-(p-triisopropylsilyl)-phenylacetylene] and 
poly[1-phenyl-2-(p-triphenylsilyl)-phenylacetylene] are 20 and 3.8 barrers, 
respectively.
13
   
Among all the silylated derivatives of ethyl cellulose (2a–f), 2a exhibited the 
highest permeability to all the gases, and this trend bears a resemblance to that 
observed in the case of silylated polyacetylenes.  This tendency has been explained in 
terms of the finding that the trimethylsilyl group effectively generates many 
molecular-scale voids and simultaneously exhibits large local mobility.
14
  For 
instance, the PO2 of poly(TMSP) is 10,000 barrers, while that of 
Figure 4.  Gas permeability coefficients (log10P) of ethyl cellulose (1) and its 
silylated derivatives (2a–f) vs kinetic diameter of gases. 
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poly(1-triethylsilyl-1-propyne) is not more than 640 barrers.
15
  The lowest gas 
permeability has been observed for 2f emanating from the planar and non-flexible 
nature of the aryl group present in the silyl moiety thus leading to the stacking and 
decreased local mobility of the substituent.   
The most important feature of the gas permeability data of ethyl cellulose and 
its silylated derivatives is relatively high PCO2/PN2 selectivity (>15) of these polymers.  
Especially, 2a–c displayed good performance for CO2 separation, and their data were 
located above the upper bound,
16
 in the plot of permselectivity versus permeability for 
CO2/N2 gas pair (Figure 5).  However, as the gas permeability undergoes an increase, 
a decrease in the permselectivity is observed.  These results imply that spherical 
substituents with appropriate size are required to achieve high gas permeability rather 
than planar and bulky groups, and those having long alkyl chains.  
Gas Diffusivity and Solubility.  Gas permeability can be expressed as the 
product of gas solubility in the upstream face of the membrane and effective average 
gas diffusion through the membrane, strictly in rubbery and approximately in glassy 







P = S × D 
. 
In order to carry out a detailed investigation of the gas permeability of 1 and 
2a–f, gas diffusion coefficients (D) and gas solubility coefficients (S) were determined.  
The D and S values of polymers 1 and 2a–f for O2, N2, CO2, and CH4 are given in 
Tables 5 and 6, respectively.  In polymeric membranes, generally the D value 
undergoes a decrease with increasing critical volume of gases while the S value 
experiences an increase with increasing critical temperature of gases.  Similar 
tendencies were observed in the D and S values of the polymer membranes of ethyl 
cellulose and its silylated derivatives; e.g., in the case of 2a, the diffusivity of CH4 
(5.0) was the lowest and that of O2 (19) was the highest while CO2 (33) displayed the 
highest solubility and N2 (1.1) the lowest. 
As shown in Table 5, the diffusion coefficients of all the gases increased upon 
silylation.  For instance, 1 displayed the DO2 value of 8.3 while those of 2a–f were in 
Table 5.  Gas Diffusion Coefficients
a 













73.4 89.8 93.9 99.2 
 1  8.3  3.8  2.6 1.8 
2a 19 13  7.6 5.0 
2b 30 21  8.5 5.4 
2c 27 18  7.3 4.5 
2d 16  8.0  4.7 3.1 
2e 38 18 10 7.0 
2f 16  9.5  5.3 3.0 
a Determined by the ‘time lag’ method at 25o C. 
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the range of 16–38.  The increment of gas diffusivity can be accounted for by the 
increase in the local mobility of the substituents.
14
 
As far as the gas solubility coefficients are concerned, a decrease in the S 
value was observed in almost all of the silylated derivatives as compared to ethyl 
cellulose itself, as shown in Table 6.  The decrement in the solubility coefficients 
presumably ensued from the attenuated fractional free volume accompanied by 
silylation, as summarized in Table 3.  Quite interestingly, the SCO2 values underwent a 
relatively large decline in comparison with all the other gases under study; e.g., the 
SCO2 and SCH4 of 1 were discerned to be 45 and 6.5 while those for 2a were 33 and 6.1, 
respectively.  Such behavior can be explained in terms of the strong interaction of 
CO2 with the hydroxy groups present in ethyl cellulose prior to silylation.  Similar 
effect has been observed in poly(diphenylacetylene) membranes bearing hydroxy 
groups in their side chain.
18
 
Among 2a–f, 2e exhibited the highest D value for all the gases while its S 
value was the lowest, suggesting no increase in FFV but enhanced local mobility due 
to the presence of the silyl substituent with long alkyl chain, leading to the increased 
Table 6.  Gas Solubility Coefficients
a 










 N2 O2 CH4 CO2 
critical 
temperature (K) 
126.2 154.8 191.0 304.1 
 1 1.4 2.2 6.5 45 
2a 1.1 2.3 6.1 33 
2b  0.64 1.4 6.2 27 
2c  0.79 1.6 6.7 31 
2d  0.96 1.6 5.7 33 
2e  0.58 0.8 3.5 15 
2f  0.68 1.4 4.7 24 
a 
Calculated by using quotients, P/D. 
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diffusion coefficient.  These findings are consistent with those observed in various 
substituted polyacetylenes.
12
  It is noteworthy that the increase in the diffusion 
coefficients upon silylation was more pronounced than the decrease in the solubility 
coefficients, thus leading to the net effect of enhanced permeability.  Furthermore, 
these results indicate the significance of silyl groups to enhance the gas permeability 
by increasing the gas diffusion coefficients of the polymer membranes. 
 
Conclusions 
 The present study is concerned with the synthesis of novel silyl ethers of ethyl 
cellulose (2a–f).  It was demonstrated that halosilanes served as excellent silylating 
agents, in the presence of imidazole, accomplishing the complete silylation of ethyl 
cellulose even at room temperature without any chain degradation of the starting 
material.  All of the silylated polymers (2a–f) displayed good solubility in common 
organic solvents, fair thermal stability, and adequate membrane-forming ability.  
Membranes of 2a–f exhibited higher gas permeability than that of 1 due to the 
increased diffusion coefficients resulting from the introduction of silyl moieties in 
ethyl cellulose.  Although silylation could not affect a very large increase in gas flux, 
probably due to the very small extent of hydroxy groups (0.31 per anhydroglucose 
unit) available for derivatization yet good separation performance for CO2/N2 and 
CO2/CH4 was discerned. 
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Synthesis, Characterization, and Gas Permeation Properties of 
Perfluoroacylated Ethyl Cellulose 
 
Abstract 
Perfluoroacylated derivatives of ethyl cellulose [R = CF3CO (2a), C2F5CO 
(2b), C3F7CO (2c), C7F15CO (2d), C6F5CO (2e)] were synthesized in good yield by the 
reaction of various perfluoroacylating agents with residual hydroxy groups of ethyl 
cellulose (1; DSEt, 2.69).  FTIR spectra of the resulting polymers (2a–d) furnished the 
evidence for complete substitution of hydroxy protons by the perfluoroacyl groups.  
All the derivatives (2a–e) were soluble in common organic solvents and displayed 
enhanced solubility in moderately polar aprotic and nonpolar solvents.  The onset 
temperatures of weight loss of 2a–d in air were higher than 270 ºC, indicating fair 
thermal stability.  Free-standing membranes of 1 and 2a–e were fabricated, and 2a–d 
exhibited large contact angle with water and enhanced gas permeability (P) as 
compared to 1.  An optimum increment in the size of the perfluoroacyl group led to 
the largest increment in the gas permeability of polymers; i.e., 2c exhibited the highest 
P values (e.g., PCO2 284 barrers; cf. PCO2 of 1, 110 barrers).  The PCO2/PN2 and 
PCO2/PCH4 selectivity values of the polymers (2a–e) were in the range of 14–22 and 
8–11, respectively.
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Introduction 
Cellulose, an inexhaustible natural polymeric material, endowed with a 
polyfunctional macromolecular structure and an environmentally benign nature, 
suffers from the lack of solubility in most organic solvents emanating from its 
supramolecular architecture.  However, ethyl cellulose, an organosoluble cellulosic, 
possesses the fascinating structure and properties such as extensive linearity, chain 
stiffness, excellent durability, good flexibility, chemical resistance, mechanical 
strength, hydrophobicity, non-toxicity, low cost, and above all remarkably good 
solubility in organic solvents, thus adequate membrane-forming ability and moderate 
gas permeation/pervaporation capability.
1
   
Physical or chemical modification of polymers is as an attractive alternative to 
tailor the material properties as desired for specific applications.  The incorporation 
of fluorine-containing groups is an apt way to alter the physical and chemical 
properties of polymers because of the highly electronegative nature of fluorine,
2
 and is 
known to enhance polymer solubility (commonly referred to as the fluorine effect) and 
fractional free volume without forfeiture of thermal stability, and affords materials 
with low dielectric constants, low water absorption, excellent barrier properties, and 
extremely low critical surface tension.
3
  Owing to their unique properties, partially 
fluorinated polymers have attracted considerable attention as a new class of materials, 







 low energy surfaces,
7
 etc.  
Furthermore, gases dissolve well in fluorinated compounds,
8
 and high gas permeability 











 has been 
reported. 
Derivatization of polysaccharides starting from the organosoluble polymer has 
undoubtedly broadened the diversity of products and reaction paths.  Despite many 
aforementioned remarkable features and organosolubility of ethyl cellulose, studies 
concerning the systematic investigation of chemical derivatization of ethyl cellulose 
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are few and far between.
14
  Esterification is one of the facile means to exploit the 
hydroxy groups present in ethyl cellulose, however, there have been a few reports 
regarding the synthesis of mixed esters of ethyl cellulose; and (acetyl)(ethyl) cellulose 
is probably the one whose properties have been studied in detail.
14j–m
  Although the 
organo-fluorine compounds have engrossed substantial prominence as a new class of 
polymeric materials, trifluoroacetyl derivative is most likely the only 
fluorine-containing derivative of ethyl cellulose, reported so far.
15
  Since, there have 
been a few reports concerning the incorporation of fluorinated substituents into ethyl 
cellulose and fluorine-containing groups often favor high gas permeability,
9–13
 it is 
anticipated that the perfluoroacylated derivatives of ethyl cellulose will serve as 
interesting candidates for gas separation membranes. 
The present chapter deals with the synthesis of various perfluoroacyl 
derivatives (2a–e) of ethyl cellulose (1), their characterization, and elucidation of 
solubility and thermal properties (Scheme 1).  Free-standing membranes of the 
perfluoroacylated polymers were fabricated and their contact angle with water, density, 
fractional free volume, and gas permeation parameters were determined.  Moreover, 
the diffusion and solubility coefficients of polymer membranes for O2, N2, CO2, and 
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CH4 were also revealed. 
 
Experimental Section 
Measurements.  Infrared spectra were recorded on a Jasco FTIR-4100 
spectrophotometer.  The number- and weight-average molecular weights (Mn and 
Mw, respectively) and polydispersity indices (Mw/Mn) of polymers were determined by 
size-exclusion chromatography (SEC) at 40 ºC with a Jasco PU-980/RI-930 and 
Viscotek UV/LS-T60A chromatograph (eluent THF, column TSK-GEL GMHXL 
(Tosoh), molecular weight range up to 4×10
8
, flow rate 1 mL/min).  Elemental 
analyses were performed at the Microanalytical Center of Kyoto University.  
Thermogravimetric analyses (TGA) were conducted in air with a Perkin-Elmer 
TGA7 thermal analyzer by heating the samples (3–5 mg) from 100–700 ºC at a 
scanning rate of 10 ºC min
-1
.  Differential scanning calorimetric (DSC) analyses 
were performed using a Seiko DSC6200/EXSTAR6000 apparatus and measurements 
were carried out by making use of 3–5 mg samples, under a nitrogen atmosphere, after 
calibration with an indium standard.  The samples were first heated from ambient 
temperature (25 ºC) to +200 °C at a scanning rate of 20 ºC min
-1
 (first heating scan) 
and then immediately quenched to -50 °C at a rate of about 80 ºC min
-1
.  The second 
heating scans were run from -50 to +200 °C at a scanning rate of 20 ºC min
-1
 to record 
stable thermograms.  The data for glass transition temperature (Tg), cold 
crystallization temperature (Tcc), and melting temperature (Tm), were all obtained from 
the second run and correspond to the midpoint of discontinuity in the heat flow.  The 
static contact angle (CA) of water with polymer membranes was determined by the 
sessile-drop method using a Kyowa Interface Science CA-X contact angle meter at 
room temperature.  A droplet of water (10 μL) was placed on a specimen for 30 s and 
then the contact angle was recorded.  The measurement was repeated at ten different 
positions on the same specimen and the data were averaged.  Membrane thickness 
was estimated by using a Mitutoyo micrometer.  The gas permeability coefficients 
(P) were measured with a Rikaseiki K-315-N gas permeability apparatus using a 
Chapter 2 
 55 
constant volume/variable-pressure system.  All of the measurements were carried out 
at 25 ºC and a feed pressure of 0.1 MPa (1 atm) while the system was being evacuated 
on the downstream side of the membrane. 
Materials.  Ethyl cellulose (1; ethoxy content, 49 wt%) and imidazole were 
purchased from Aldrich and Wako (Japan), respectively, and used as received.  
Trifluoroacetic anhydride, heptafluorobutanoyl chloride, pentafluorobenzoyl chloride 
(Aldrich), pentafluoropropionic anhydride (Tokyo Kasei, Japan), and 
pentadecafluorooctanoyl chloride (Wako, Japan) were obtained commercially and used 
without further purification.  Tetrahydrofuran (THF), used as reaction solvent, was 
purchased from Wako (Japan) and employed after distillation.  
Perfluoroacylated derivatives of ethyl cellulose (2a–e) were synthesized 
according to Scheme 1.  The details of the synthetic procedure and analytical data are 
as follows: 
Trifluoroacetyl Derivative of Ethyl Cellulose (2a).  A 200 mL one-necked 
flask was equipped with a dropping funnel, a three-way stopcock, and a magnetic 
stirring bar.  Ethyl cellulose, 1, (1.43 g, 6.10 mmol) and imidazole (0.83 g, 12.2 
mmol) were placed in the flask, evacuated for half an hour, flushed with nitrogen, and 
dissolved in THF (50 mL) at room temperature.  Then, trifluoroacetic anhydride 
(0.85 mL, 6.10 mmol) was added dropwise and stirring was continued for 24 h at room 
temperature.  Product was isolated by precipitation in methanol (1000 mL), filtered 
with a membrane filter, washed repeatedly with methanol, and dried under vacuum to 
constant weight to afford the desired product (91%) as white solid.  IR (ATR, cm
-1
): 
2974, 2870, 1794, 1375, 1220, 1090, 1050, 920, 880, 770, 736. 
Pentafluoropropanoyl Derivative of Ethyl Cellulose (2b).  This derivative 
was prepared by following the same procedure as for 2a using pentafluoropropionic 
anhydride (1.21 mL) instead of trifluoroacetic anhydride.  Yield 93%, white solid, IR 
(ATR, cm
-1
): 2974, 2872, 1789, 1376, 1354, 1221, 1090, 1049, 1027, 920, 883, 839, 
739. 
Heptafluorobutanoyl Derivative of Ethyl Cellulose (2c).  This derivative 
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was prepared by following the same procedure as for 2a using heptafluorobutanoyl 
chloride (0.91 mL) instead of trifluoroacetic anhydride.  Yield 92%, white solid, IR 
(ATR, cm
-1
): 2975, 2872, 1789, 1377, 1299, 1233, 1088, 1050, 928, 827, 722. 
Pentadecafluorooctanoyl Derivative of Ethyl Cellulose (2d).  This 
derivative was prepared by following the same procedure as for 2a using 
pentadecafluorooctanoyl chloride (1.51 mL) instead of trifluoroacetic anhydride.  
Yield 94%, white solid, IR (ATR, cm
-1
): 2976, 2873, 1790, 1376, 1354, 1240, 1208, 
1091, 1052, 920. 
Pentafluorobenzoyl Derivative of Ethyl Cellulose (2e).  This derivative 
was prepared by following the same procedure as for 2a using pentafluorobenzoyl 
chloride (0.85 mL) instead of trifluoroacetic anhydride and precipitation was carried 
out in water rather than methanol, as 2e was soluble in it.  Yield 90%, white solid, IR 
(ATR, cm
-1
): 2974, 2869, 1693, 1502, 1374, 1055, 917, 877, 797. 
Determination of the Degree of Substitution.  The degree of substitution 
with ethyl group (DSEt) of the starting material, 1, was determined by 
1
H NMR and 
complete substitution of the residual hydroxy protons by the perfluoroacyl group in 
2a–d was confirmed by the complete disappearance of the peak characteristic of the 
hydroxy group (3600–3200 cm-1) in the FTIR spectra of the polymers (Figure 1).  
The degree of substitution with pentafluorobenzoyl group in 2e was estimated from the 
elemental analysis.  The total degree of substitution (DStotal) of 2a–e was calculated 
by the following equation: 
 
DStotal = DSEt + DSAc 
 
Membrane Fabrication.  Membranes (thickness ca. 40–80 μm) of polymers 
1 and 2e were fabricated by casting their toluene solution and those of 2a–d from their 
1,3-bis(trifluoromethyl)benzene solution (concentration ca. 0.50–1.0 wt%) onto a Petri 
dish.  The dish was covered with a glass vessel to retard the rate of solvent 
evaporation (3–5 days). 
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Membrane Density.  Membrane densities (ρ) were determined by 
hydrostatic weighing using a Mettler Toledo balance (model AG204, Switzerland) and 
a density determination kit.
16
  This method makes use of a liquid with known density 
(ρ0), and membrane density (ρ) is calculated by the following equation: 
 
ρ = ρ0 MA/(MA– ML) 
 
where MA is the weight of membrane in air and ML is that in the auxiliary liquid.  
Aqueous NaNO3 solution was used as an auxiliary liquid to measure the density of the 
polymer membranes except for 2d, whose density was determined by using aqueous 
NaI solution. 
Fractional Free Volume (FFV) of Polymer Membranes.  FFV (cm
3
 of free 
volume/cm
3
 of polymer) is commonly used to estimate the efficiency of chain packing 
and the amount of space (free volume) available for gas permeation in the polymer 




FFV = (υsp – υ0)/ υsp ≈ (υsp – 1.3 υw)/ υsp 
 
where υsp and υ0 are the specific volume and occupied volume (or zero-point volume at 
0 K) of the polymer, respectively.  Typically, occupied volume (υ0) is estimated as 1.3 




Measurement of Gas Permeation Parameters.  The P values were 
calculated from the slopes of the time-pressure curves in the steady state where Fick’s 
law holds.
19
  The gas diffusion coefficients (D) were determined by the time lag 





here, l is the membrane thickness and θ is the time lag, which is given by the intercept 
Perfluoroacylation of Ethyl Cellulose 
 58 
of the asymptotic line of the time-pressure curve to the time axis.  The membrane 
thickness was controlled so that the time lag would be in the range 10–300 s, 
preferably 30–150 s.  When the time lag was < 10 s, the error of measurement 
became relatively large.  If the time lag was, on the contrary, > 300 s, the error arising 
from the baseline drift became serious.  The gas solubility coefficients (S) were 
calculated by using the equation, S = P/D. 
  
Results and Discussion 
Perfluoroacylation of Ethyl Cellulose.  Perfluoroacylation of ethyl cellulose 
(1) was carried out by using various perfluorinated acid anhydrides/chlorides as 
perfluoroacylating agents, THF as a solvent, and imidazole as a base as shown in 
Scheme 1, and the results are summarized in Table 1.  The DSEt of 1 was estimated to 
be 2.69, by calculating the integration ratio of methyl protons to the rest of the protons 
in 1, indicating the presence of 0.31 hydroxy groups per anhydroglucose unit.
14a
  The 




IR spectrum of 1 (Figure 1) has a broad band characteristic of the residual hydroxy 
groups (3600–3200 cm-1), which disappeared upon complete perfluoroacylation in 
polymers 2a–d.  Further evidence was furnished by the presence of the peaks 
characteristic of the carbonyl group (1695–1690 cm-1) in the IR spectra of 
perfluoroalkanoyl derivatives (2a–d).  On the other hand, complete substitution could 
not be achieved with pentafluorobenzoyl group, as is indicated by the presence of the 
broad band for the hydroxy group (3600–3200 cm-1) in the IR spectrum of 2e; its 
degree of acylation (DSAc) was determined by the elemental analysis and total degree 
of substitution (DStotal) was 2.92.  According to SEC data of the polymers (Table 1), 
the number-average molecular weight (Mn) of 1 was found to be 47 000 and a regular 
increase in the Mn values of perfluoroacylated polymers was observed with the 
increase in the bulk of perfluoroacyl group.  Moreover, the polydispersity indices 
(Mw/Mn) of perfluoroacylated polymers (2a–d) were not quite different from those of 1.  
For instance, the Mn and Mw/Mn of 1 were observed to be 47 000 and 2.3, respectively, 
while those of 2a were 68 000 and 1.5.  These facts rule out the possibility of 
polymer chain cleavage in the course of perfluoroacylation. 
Solubility and Thermal Properties of Polymers.  The solubility properties 
of ethyl cellulose (1) and 2a–e are summarized in Table 2.  1 is soluble in highly 










 1 2.69  47 000 106 000 2.3 
2a 3.00  68 000 103 000 1.5 
2b 3.00  93 000 117 000 1.3 
2c 3.00  96 000 120 000 1.2 
2d 3.00 132 000 147 000 1.1 
2e  2.92
c
  49 000 124 000 2.5 
a
 Determined by FTIR. 
b
 Determined by SEC/RALLS (size-exclusion 
chromatography/right-angle laser light scattering). 
c
 Determined by elemental analysis. 
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polar protic solvents such as methanol, while its perfluoroacylated derivatives (2a–d) 
were found to be insoluble (except 2e), which is presumably due to the loss of 
hydrogen bonding because of the complete substitution of hydroxy groups by the 
perfluoroacyl moieties in 2a–d.  The solubility behavior of perfluoroacylated 
polymers in polar aprotic solvents exhibited several variations depending on the 
polarity of the solvent and an increased affinity towards relatively less polar solvents 
was discerned.  For instance, 1 is soluble in DMF while its perfluoroalkanoylated 
derivatives exhibited a decrease in solubility with the increase in the length of the 
perfluoroalkanoyl chain; on the other hand, 1 is partly soluble in acetone while 2b–e 
were completely soluble.  Solubility characteristics of 1 in EtOAc, THF, CHCl3, and 
toluene remain unchanged upon perfluoroacylation.  Furthermore, 1 is insoluble in 
hexane, a nonpolar solvent, while its perfluoroacylated derivatives except 2a were 
found to be soluble due to the presence of long perfluorocarbon chains in 2b–d and an 
aromatic ring in 2e.  Moreover, the solubility of perfluoroacylated polymers in 
perfluorinated solvents such as hexafluorobenzene and 
Table 2.  Solubility
a
 of Polymers 1 and 2a–e 
polymer 1 2a 2b 2c 2d 2e 
methanol + – – – – + 
DMF + ± ± – – + 
acetone ± ± + + + + 
EtOAc + + + + + + 
THF + + + + + + 
CH2Cl2 + + + + + + 
CHCl3 + + + + + + 
toluene + + + + + + 
hexane – – + + + + 
C6F6 – + + + + – 
1,3-(CF3)2C6H4 – + + + + – 
a
 Symbols: +, soluble; ±, partly soluble; –, insoluble. 
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1,3-bis(trifluoromethyl)benzene was examined and it was observed that the completely 
perfluoroacylated derivatives of ethyl cellulose (2a–d) were soluble in these solvents.  
Thus it can be said that the perfluoroacylated ethyl cellulose derivatives (2a–e) display 
enhanced solubility in moderately polar aprotic solvents like acetone and nonpolar 
solvents like hexane. 
The thermal stability of polymers 1 and 2a–e was examined by 
thermogravimetric analysis (TGA) in air (Figure 2).  The onset temperatures of 
weight loss (T0) of 2a–d were in the range of 270–300 ºC while that of 1 was 338 ºC, 
thus indicating a slight decrease in T0 values resulting from the substitution of hydroxy 
groups by the perfluoroacyl moieties (Table 3).  It was observed that the onset 
temperature of weight loss underwent a slight decrease with an increase in the length 
of the perfluoroalkanoyl group; for instance, T0 of 2a and 2b were 293 and 288 ºC, 
respectively.  The TGA thermogram of pentafluorobenzoyl derivative (2e) displayed 
two major points of weight loss at 145 and 293 ºC, respectively; the weight loss at 145 
ºC corresponds to that of the pentafluorobenzoyl moiety (~ 8%) while that at 293 ºC to 
the rest of the polymer.  The first T0 value of perfluorobenzoyl derivative (2e) was 
Figure 2.  TGA curves of polymers 1 and 2a–e (in air, heating rate 10 ºC min-1). 
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considerably lower than those of the perfluoroalkanoyl derivatives (2a–d), which is 
presumably due to a weaker ester linkage than those in 2a–d (as C6F5COOH is a 
considerably stronger acid than perfluoroalkanoic acids).  These results imply that the 
thermal stability undergoes a slight decrease as the length of the alkyl chain in the 
perfluoroalkanoyl group increases while decreases considerably by the incorporation 
of relatively less stable perfluorobenzoyl moiety.  Although the thermal stability of 
the perfluoroacylated derivatives of ethyl cellulose (2a–d) is slightly lower than that of 
the starting material (1), it is still appreciably reasonable for practical applications as 
membrane-forming materials. 
Other thermal properties such as glass transition temperature (Tg), cold 
crystallization temperature (Tcc), and melting temperature (Tm) of polymers 1 and 2a–e 
were determined by the differential scanning calorimetric (DSC) analysis under 
nitrogen (Figure 3).  It was observed that the glass transition temperature (Tg) of 1 
(132 ºC) underwent a significant increase upon the substitution of trifluoroacetyl group 
(227 ºC), and then followed a decline as the length of the perfluoroalkanoyl group 
increased; e.g. Tg values for 2c and 2d were 159 and 101 ºC, respectively (Table 3).  




The increase in the polymer chain stiffness due to the hindered rotation of the 
substituent, resulting from the substitution of hydroxy group by a relatively bulky, stiff, 
and polar trifluoroacetyl group, presumably led to the increased Tg in 2a, which 
became offset due to the plasticization induced by the increased length of the 
perfluoroalkanoyl chain, thus leading to the decreased Tg values (2b–d).  In general, 
the glass transition temperature (Tg) depends on the energy barriers that 
conformational transitions must overcome in such a way that the larger the barriers are, 
the fewer the conformational transitions that occur at a given temperature.
20
  The 
substitution of relatively small hydroxy moieties by the stiff and polar trifluoroacetyl 
groups appeared to increase the energy barriers associated with the conformational 
transitions in the chains, and as a result the Tg of 1 underwent an increase upon 
perfluoroacylation/trifluoroacetylation. 
Herein the term, cold crystallization temperature (Tcc), represents the 
temperature above the glass transition temperature (Tg) at which a small portion of the 
structurally irregular amorphous state of the polymer attains regularity and turns into 
crystalline state; the Tcc values were observed in the case of perfluoroalkanoyl 


















 1 338 132 –c 190 – c 4.2 
2a 293 227 244 266 0.96 14.9 
2b 288 158 211 221 1.21 7.8 
2c 275 159 – c 215 – c 7.3 




– c – c – c – c – c 
a
 T0: Onset temperature of weight loss. Observed from TGA measurement in air. 
b
 
Tg: Glass transition temperature. Tcc: Cold crystallization temperature. Tm: Melting 
temperature. ΔHcc: Enthalpy of cold crystallization. ΔHf: Enthalpy of fusion. Determined by 
DSC analysis in nitrogen. 
c
 Could not be determined. 
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derivatives of 1, as shown in Table 3. 
Similar tendencies were observed in Tm values of polymers as those in Tg, 
which can also be explained in terms of the increased rigidity of the polymer chains 
upon perfluoroacylation; and this effect was more pronounced in the case of 
trifluoroacetyl derivative (2a) in comparison with those having longer chain of carbon 
atoms.  The increase in the melting temperature (Tm) of polymers suggests an 
increase in crystallinity as a result of perfluoroacylation; however, this effect has 
significantly been observed only in 2a, displaying a Tm value of 266 ºC as compared to 
that of 1 (190 ºC) while those of 2b–d were 221, 215, and 180 ºC, respectively.   
Contact Angle of Water with Polymer Membranes.  Static contact angles 
(θ) of water were measured for all the polymer films, under study, to determine the 
relative hydrophobicity of the surface.  Table 4 lists the contact angles
21
 of water with 
the surface of polymer membranes at 25 ºC, and their plot as a function of % F content 
of polymers (1 and 2a–e) is shown in Figure 4.  The polymer membranes of 
perfluoroacylated derivatives (2a–e) displayed larger contact angle (θ > 90º) with 
water than that of 1 (θ = 83º).  In other words, the introduction of fluorine-containing 
substituents led to an increase in the hydrophobicity or non-wettability of ethyl 
cellulose membranes; and this trend bears a resemblance to that observed in the case of 
Table 4.  Contact Angle of Water with the Surface of Polymers 1 and 2a–e 
polymer θ (º)a 
 1 83.4 ± 0.3 
2a 92.1 ± 0.2 
2b 94.2 ± 0.5 
2c 95.6 ± 0.2 
2d 97.0 ± 0.5 
2e 93.1 ± 0.3 
a 
Determined at 25 ºC. 
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other fluorinated polymeric materials.
22
  Moreover, it was revealed that an increment 
in the F content of the perfluoroacylated polymers accompanied an increase in the 
contact angle of water with the surface of the membranes, and 2d having the highest F 
content displayed the highest CA value.  For instance, the % F content of 2a and 2d 
were 7.2 and 28.3 while the contact angle of water with their membranes were 
observed to be 92º and 97º, respectively.   
Density and FFV of Polymer Membranes.  The van der Waals volume (υw), 
density (ρ), and fractional free volume (FFV) of the polymer membranes (1 and 2a–e) 
are summarized in Table 5.  All of the perfluoroacylated derivatives (2a–e) exhibited 
higher membrane density than that of ethyl cellulose (1); for instance, the ρ value of 1 
was observed to be 1.099 while those of 2a–e were in the range of 1.155–1.206.  It 
was observed that an increase in the F content of the perfluoroacyl group accompanied 
an increase in the density of the polymer membranes.  These findings are quite 
reasonable as fluorine-containing polymers generally possess larger densities than the 
Figure 4.  Contact angle of water with the surface of polymer membranes 1 and 
2a–e vs their % F content. 
 




  It is worth mentioning that the 
perfluoroalkanoylation resulted in an enhancement in the FFV values of polymer 
membranes (2a–d) regardless of the simultaneous increase in their density as 
compared to the starting material (1).  For instance, 2c was observed to possess the 
highest fractional free volume (FFV is 0.197), in spite of its quite high density (ρ is 
1.194) among all of the perfluoroacylated derivatives of 1, which probably indicates 
the formation of relatively sparse structures due to the incorporation of 
fluorine-containing moieties.  Similar tendencies have been reported in F-containing 
polycarbonates.
12
  Furthermore, it is a general trend that the bulky substituents 
sterically obstruct intersegmental packing,
9
 and in the case of F-containing polymers 
chain packing is further restrained by the intermolecular repulsive forces resulting 
from the presence of fluorine atoms having high electron density. 
Gas Permeation Properties.  The permeability coefficients of the 
membranes of polymers 1 and 2a–e to various gases measured at 25 °C are listed in 
Table 6, and their plot versus kinetic diameter of gases is shown in Figure 5.  The gas 
permeability coefficients (P) of the perfluoroacylated derivatives (except 2e) were 
higher than that of 1, and approximately obey the following order: 2c > 2b ≈ 2d > 2a > 
1 > 2e, which is in accordance with the FFV of the polymer membranes.  The order 





/mol) ρb (g/cm3) FFVc 
 1 135.8 1.099 0.182 
2a 145.0 1.155 0.185 
2b 149.6 1.178 0.189 
2c 154.2 1.194 0.197 
2d 172.5 1.298 0.191 
2e 150.9 1.206 0.161 
a
 υw: van der Waals volume. 
b
 ρ: density. Determined by hydrostatic weighing. c 




of the gas permeability coefficients depends upon the shape, size, and mobility of the 
perfluoroacyl substituents. 
In this study, it has been revealed that an optimum increase in the bulk or the 
length of the perfluoroalkanoyl group accompanies an enhancement in the gas 
permeability whereas an excessive increase affects conversely.  For instance, the 








He H2 O2 N2 CO2 CH4 
 1  53  76 18   5.0 110 12 22  9 
2a  72 102 28   8.0 172 17 21 10 
2b 100 140 44 16 250 30 16  9 
2c 114 155 52 20 284 37 14  8 
2d 110 130 48 16 251 29 16  9 
2e  40  51 11   3.0  64   6.0 22 11 
a 











Figure 5.  Gas permeability coefficients of ethyl cellulose (1) and its 
perfluoroacylated derivatives (2a–e) vs kinetic diameter of gases. 
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carbon dioxide permeability coefficients (PCO2) of 2a–d were 172, 250, 284, and 251 
barrers, respectively, where 2c displayed the highest CO2 permeability, and similar 
tendencies were observed for other gases in the present study.  These trends in the gas 
permeability suggest that an optimum increase in the bulk and length of the 
perfluoroalkanoyl group results in a looser chain packing, leading to the increased free 
volume space inside the polymer matrix, and in turn enhanced gas permeability; these 
effects are counterbalanced to some extent by an excessive increase in the bulk/length 
of the substituent due to the hindered chain/segmental mobility.  The lowest P values 
have been observed for 2e ensuing from the planar and non-flexible nature of the aryl 
group present in the pentafluorobenzoyl moiety thus leading to the stacking (as 
indicated by the decreased FFV) and decrement in the local mobility of the substituent.   
The most important feature of the gas permeability data of ethyl cellulose (1) 
and its perfluoroacylated derivatives (2a–e) is relatively high PCO2/PN2 selectivity (≥ 
14) of these polymers, and notably 2a–c displayed good perforamance for CO2 
separation.  However, as the gas permeability undergoes an increase, a decrease in 
permselectivity is observed.  Moreover, similar tendencies were displayed by the 
PCO2/PCH4 selectivity data of the perfluoroacylated polymers.  Enhanced gas 
permeability without loss of permselectivity in 2a was probably due to the decreased 
chain packing (as indicated by the slight increase in FFV) and increased chain 
stiffness/hindered rotation of the pendant groups (as indicated by the increased Tg), 
following the trifluoroacetylation of 1.  These findings are consistent with the 
previous results that the structural alterations, which inhibit chain packing and 
simultaneously constrain the rotational motion about flexible linkages on the polymer 
backbone, for instance, the incorporation of fluorinated substituents, tend to increase 
permeability while maintaining or increasing permselectivity.
20a,23
 
The present results imply that the gas transport properties of 
membrane-forming materials can be selectively improved through a controlled 




Gas Diffusivity and Solubility.  Gas permeability (P) can be expressed as 
the product of gas solubility in the upstream face of the membrane and effective 





P = S × D 
. 
In order to carry out a detailed investigation of the gas permeability of 1 and 
2a–e, their gas diffusion coefficients (D) and gas solubility coefficients (S) were 
determined.  The D and S values of polymers 1 and 2a–e for O2, N2, CO2, and CH4 
are given in Table 7 and 8, respectively.  In polymeric membranes, generally the D 
value undergoes a decrease with increasing critical volume of gases while the S value 
experiences an increase with increasing critical temperature of gases.  Similar 
tendencies were observed in the D and S values of the polymer membranes of 1 and its 
perfluoroacylated derivatives; e.g., in 2a the diffusivity of CH4 (2.2) was the lowest 
and that of O2 (9.6) was the highest while CO2 (43.7) displayed the highest solubility 
and N2 (1.5) the lowest. 
Table 7.  Gas Diffusion Coefficients
a 













73.4 89.8 93.9 99.2 
 1  8.3  3.8 2.6 1.8 
2a  9.6  5.3 3.9 2.2 
2b 14.2  8.9 5.3 3.8 
2c 16.7 10.8 6.0 4.9 
2d 14.6  8.3 5.3 3.8 
2e  5.4  2.5 1.9 1.1 
a Determined by the ‘time lag’ method at 25o C. 
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As shown in Table 7, the diffusion coefficients of all the gases increased upon 
perfluoroalkanoylation (2a–d), while underwent a considerable decline upon 
perfluorobenzoylation (2e).  For instance, 1 displayed the DO2 value of 8.3 and those 
of 2a–d were in the range of 9.6–16.7 while that of 2e was 5.4.  The increment in gas 
diffusivity can be accounted for by the increase in the FFV of the polymer membranes 
(2a–d) as a result of perfluoroacylation; however, the enhanced local mobility of the 
substituents might also be anticipated to make a major contribution in the case of 2b–d, 
having substituents with longer alkyl chain.
25
 
As far as the gas solubility coefficients are concerned, a small increase in the S 
value was observed in almost all of the perfluoroalkanoyl derivatives as compared to 1, 
as shown in Table 8.  A small increment in the S values probably arises from the 
higher FFV of the perfluoroalkanoyl derivatives (2a–d) than that of 1, as summarized 
in Table 5.  It was observed that the S values underwent a subtle increase with the 
increase in the size of the perfluoroalkanoyl group (2a–d); e.g., SCO2 values of 2a–d 
were 43.7, 46.9, 47.05, and 47.35, respectively.  
Among 2a–e, 2c exhibited the highest D value for all the gases, presumably 
emanating from its highest FFV (0.197) and also because of the enhanced local 
Table 8.  Gas Solubility Coefficients
a 










 N2 O2 CH4 CO2 
critical 
temperature (K) 
126.2 154.8 191.0 304.1 
 1 1.4 2.2 6.5 45 
2a 1.1 2.3 6.1 33 
2b  0.64 1.4 6.2 27 
2c  0.79 1.6 6.7 31 
2d  0.96 1.6 5.7 33 
2e  0.58 0.8 3.5 15 
a




mobility of the perfluoroacyl substituent due to the presence of the alkyl chain of 
optimum length.  Similar tendencies have been observed in various substituted 
polyacetylenes.
19
  It is noteworthy that the increase in the diffusion coefficients upon 
perfluoroacylation (2a–d) was more pronounced than that in the solubility coefficients, 
thus penetrant diffusivity playing the major role, leading to the net effect of enhanced 
gas permeability.
12a,23e
  Furthermore, these results indicate the significance of 
perfluoroalkanoyl groups to enhance the gas permeability by mainly increasing the gas 




The present study is concerned with the synthesis of various 
perfluoroalkanoyl(benzoyl) esters of ethyl cellulose (2a–e).  It was demonstrated that 
the perfluorinated acid anhydrides/chlorides served as excellent acylating agents, in 
the presence of imidazole, which accomplished the complete perfluoroalkanoylation of 
ethyl cellulose (1) even at room temperature without any chain degradation.  All of 
the perfluoroalkanoyl derivatives of ethyl cellulose (2a–d) displayed good solubility in 
common organic and perfluorinated solvents, fair thermal stability, increased chain 
stiffness, enhanced hydrophobicity, and adequate membrane-forming ability.  
Membranes of 2a–d exhibited higher gas permeability than that of 1, primarily due to 
the increased diffusion coefficients resulting from the introduction of 
fluorine-containing acyl moieties.  Although perfluoroacylation could not induce a 
very large increase in gas flux, probably due to a very small extent of hydroxy groups 
(0.31 per anhydroglucose unit) available for derivitization yet good separation 
performance for CO2/N2 and CO2/CH4 gas pairs was discerned. 
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Synthesis and Properties of Amide-Containing Dendrons and 
Dendronized Cellulose Derivatives 
 
Abstract 
First and second generation amide-containing dendrons (G1-a-ІІ–G1-c-ІІ and 
G2-a-ІІ–G2-c-ІІ) having branched alkyl periphery and focal carboxyl functionality 
were synthesized via a convergent pathway and incorporated into ethyl cellulose.  
Dendronized ethyl cellulose derivatives (2a–c, 3a–c) were synthesized in good yield 
by the reaction of terminal carboxyl moiety of various dendrons with residual hydroxy 
groups of ethyl cellulose (1; DSEt, 2.69).  
1
H NMR spectra and elemental analysis 
were employed to determine the degree of esterification (DSEst) of the resulting 
polymers.  The presence of the peak characteristic of the C=O group in the FTIR 
spectra furnished further evidence for the incorporation of dendritic moieties into ethyl 
cellulose.  All of the derivatives (2a–c, 3a–c) were soluble in chloroform and 
methanol, and the solubility window narrowed in going from G1- to G2-derivatized 
polymers.  The onset temperatures of weight loss of 2a–c (295–325 C°) and 3a–c 
(312–320 °C) in air were slightly higher than 294 ºC, indicating that the thermal 
stability was retained upon dendron functionalization.  Free-standing membranes of 1 
and 2a–c were fabricated, and 2a–c exhibited enhanced permselectivity for He/N2, 
H2/N2, CO2/N2, and CO2/CH4 gas pairs as compared to 1.  




Dendrimers, a class of precisely branched, highly symmetrical, tree-like 
macromolecules capable of furnishing the most exquisitely tailored forms and 
functions ever realized outside the realms of nature, have evolved from a little more 
than a curiosity into new horizons of macromolecular architecture finding potential 
applications in pharmaceutical, biotechnological and polymer sciences and are 
expected to reign as the flagship building blocks of nanotechnology.
1
  Owing to the 
unique architectural and functional control achieved during their synthesis, dendrimers 
possess characteristic structural features and properties quite different from those of 
their linear counterparts, and have extensively been studied in the past three decades.
2
  
Despite such an enormous activity enriching the structural diversities of dendrimers, 
research has almost exclusively been focused on dendrimers with small cores, except 
for a US patent filed by Tomalia and Kirchhoff in 1987,
3
 followed by a few reports
4
 
until a breakthrough in the synthesis of dendronized polymers was reported by 
Schlüter in the mid 90s,
5
 recognizing the significance of dendron functionalization for 
the backbone conformation and the overall shape of the resulting macromolecules.
 
Dendronized polymers are characterized by the presence of dendritic 
fragments attached to a polymeric backbone and the past few years have witnessed a 
variety of dendritic substituents and polymeric backbones to which they are appended 
to.
6
  Recently, there is an increasing interest to exploit the dendritic macromolecules 











 however, the reports concerning the dendronization of 
cellulose or its organosoluble derivatives are few and far between.
12
   
Cellulose, an inexhaustible natural polymeric material endowed with a 
polyfunctional macromolecular structure and an environmentally benign nature, 
suffers from the lack of solubility in most organic solvents emanating from its 
supramolecular architecture.  However, ethyl cellulose, an organosoluble cellulosic, 
possesses the fascinating features of extensive linearity, chain stiffness, excellent 




cost, and above all appreciably good solubility in organic solvents, thus adequate 




Keeping in view many aforementioned remarkable features of dendritic 







Dendronization of Ethyl Cellulose 
 
 78 
structures and organosolubility of ethyl cellulose carrying hydroxy (anchor) groups 
available for derivatization, it would be interesting to synthesize novel 
dendron-functionalized macromolecular architectures based on cellulose and to 
investigate the structural characteristics and functions of this new emerging class of 
‘hybrid architectures’ derived from dendrimers and the most sustainable linear 
polymers. 
The present episode narrates the synthesis and characterization of G1 and G2 
of various amide-containing dendrons and dendronized derivatives (2a–c, 3a–c) of 
ethyl cellulose (1) (Schemes 1 and 2).  The solubility characteristics and thermal 
properties of the resulting polymers were elucidated.  Free-standing membranes of 
the dendronized polymers (2a–c) were fabricated and their density, fractional free 
volume, and gas permeation parameters were determined.  Moreover, the diffusion 








C NMR spectra were recorded on a JEOL EX-400 
spectrometer and the residual proton or carbon signal of the deutrated solvent was used 
as internal standard.  The samples for the NMR measurements were prepared at a 
concentration of approximately 10 mg/mL and chemical shifts are reported in parts per 
million (ppm).  The 
1
H NMR spectra of ethyl cellulose and dendronized polymers 
were recorded for 192 scans with a pulse delay of 37 s in order to obtain reliable 
integrations.  Infrared spectra were recorded on a Jasco FTIR-4100 
spectrophotometer and 68 spectra were accumulated at a resolution of 4 cm
-1
, for each 
measurement.  The FAB-MS analyses were conducted using the JEOL JMS-HX110A 
and JMS-SX102A spectrometers while 3-nitrobenzyl alcohol (MNBA) was used as a 
matrix.  Melting points (mp) were determined with a Yanaco micro melting point 
apparatus and elemental analyses were conducted with a Yanaco-CHN corder at the 




molecular weights (Mn and Mw, respectively) and polydispersity indices (Mw/Mn) of 
polymers were determined by gel permeation chromatography (GPC) on a JASCO 
Gulliver system (PU-980, CO-965, RI-930, and UV-2075).  All of the measurements 
were carried out at 40 ºC using two TSK-Gel columns [α-M (bead size, 13 μm; 
molecular weight range > 1×107) and GMHXL (bead size 9 μm; molecular weight 
range up to 4×10
8
)] in series and LiBr solution (0.01 M) in N,N-dimethylformamide as 
an eluent at a flow rate of 1.0 mL/min.  The elution times were converted into 
molecular weights using a calibration curve based on polystyrene standards in 
combination with the information obtained from the refractive index detector.  
Thermogravimetric analyses (TGA) were conducted in air with a Shimadzu TGA–50 
thermal analyzer by heating the samples (3–5 mg) from 100–700 ºC at a scanning rate 
of 10 ºC min
-1
.  Differential scanning calorimetric (DSC) analyses were performed 
using a Seiko DSC6200/EXSTAR6000 apparatus and measurements were carried out 
by making use of 3–5 mg samples, under a nitrogen atmosphere, after calibration with 
an indium standard.  The samples were first heated from ambient temperature (25 ºC) 
to 260 °C at a scanning rate of 20 ºC min
-1
 (first heating scan) and then immediately 
quenched to -100 °C at a rate of 100 ºC min
-1
.  The second heating scans were run 
from -100 to 260 °C at a scanning rate of 20 ºC min
-1
 to record stable thermograms.  
The data for glass transition temperature (Tg) were obtained from the second run and 
correspond to the midpoint of discontinuity in the heat flow.  Membrane thickness 
was estimated by using a Mitutoyo micrometer.  The gas permeability coefficients 
(P) were measured with a Rikaseiki K-315-N gas permeability apparatus using a 
constant volume/variable-pressure system.
14
  All of the measurements were carried 
out at 25 ºC and a feed pressure of 0.1 MPa (1 atm) while the pressure difference 
across the membrane was ~107 kPa as the system was being evacuated on the 
downstream side of the membrane. 
 Materials.  Ethyl cellulose (1; ethoxy content, 49 wt%) and 
N-(3-aminopropyl)propane-1,3-diamine (98%) were purchased from Aldrich and used 
as received.  1,1′-Carbonyldiimidazole (Sigma-Aldrich), 2-ethylbutanoic acid (97%, 
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Wako, Japan), 2-propylpentanoic acid (Sigma-Aldrich), 2-ethylhexanoic acid (Tokyo 
Kasei, Japan), succinic anhydride (≥ 99%, Tokyo Kasei, Japan), 
4-(dimethylamino)pyridine (99%, Wako, Japan), 
N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC·HCl ; Eiweiss 
Chemical Corporation), and distilled water (Wako, Japan) were obtained commercially 
and used without further purification.  Toluene and dichloromethane (CH2Cl2), used 
as reaction solvents, were purchased from Wako (Japan) and purified by distillation 
prior to use.  
 The first and second generation amide-containing dendrons (G1-a-ІІ–G1-c-ІІ, 
G2-a-ІІ–G2-c-ІІ) and dendronized ethyl cellulose derivatives (2a–c, 3a–c) were 
synthesized according to Schemes 1 and 2, respectively.  The details of the synthetic 
procedure and analytical data are as follows: 
Dendron Synthesis. 
N,N′-(3,3′-Azanediylbis(propane-3,1-diyl))bis(2-ethylbutanamide) (G1-a-І).  
A 200 mL three-necked flask was equipped with a dropping funnel, a reflux condenser, 
a three-way stopcock, and a magnetic stirring bar, and evacuated and flushed with 
argon three times.  2-Ethylbutanoic acid (40.6 mL, 0.312 mol) was charged into the 
flask, toluene (100 mL) was added and the system was heated to 60 °C and stirred.  
1,1′-Carbonyldiimidazole, CDI, (50.6 g, 0.312 mol) was added slowly along with 
constant stirring until CO2 evolution had ceased.  The solution was further heated for 
an hour at 80 °C and purged with argon.  N-(3-aminopropyl)propane-1,3-diamine 
(22.5 mL, 0.156 mol) was added dropwise to the solution and stirring was continued 
for three hours at 80 °C.  The reaction mixture was allowed to cool to room 
temperature, concentrated in vacuo, the remaining clear liquid was dissolved in 
CH2Cl2 and washed three times with water.  The washed CH2Cl2 solution was dried 
with anhydrous MgSO4, filtered, concentrated, and dried under vacuum to constant 
weight to afford the desired product as a white solid.  Yield 67%, white solid, mp 
95–96 °C, 1H NMR (CDCl3, 400 MHz, 25 °C, ppm): 0.97 (t, J = 7.2 Hz, 12H, 




1.99–2.07 (m, 2H, (CH3CH2)2CH)), 2.43 (brs, 1H, CH2NHCH2), 2.68–2.77 (m, 4H, 
C(=O)NHCH2CH2CH2), 3.41–3.51 (m, 4H, C(=O)NHCH2CH2CH2), 7.7 (brs, 2H, 
C(=O)NH); 
13
C NMR (CDCl3, 100 MHz, 25 °C, ppm): 11.8, 25.5, 29.2, 36.9, 46.8, 
50.8, 175.8; HRMS(FAB): [MH]
+
, calcd for C18H37N3O2 328.2959, found 328.2931; 
anal. calcd for C18H37N3O2: C, 66.01; H, 11.39; N, 12.83; O, 9.77, found: C, 66.00; H, 
11.09; N, 12.81; O, 10.10. 
4-(bis(3-(2-Ethylbutanamido)propyl)amino)-4-oxobutanoic acid (G1-a-ІІ).  
G1-a-І (25 g, 0.076 mol) and succinic anhydride (11.46 g, 0.1146 mol) were charged 
into a 200 mL three-necked flask equipped with a reflux condenser, a three-way 
stopcock, and a magnetic stirring bar, and argon exchange was carried out three times.  
Toluene (50 mL) was added and after stirring for three hours at 80 °C, the reaction 
mixture was allowed to cool to room temperature and concentrated in vacuo.  After 
being concentrated in vacuo (in order to remove toluene), CHCl3 (50 mL) was added 
to the reaction mixture and purification was carried out by washing three times with 
water followed by the drying under vacuum to constant weight.  Yield 85%, white 
solid, mp 136 °C, 
1
H NMR (CD3OD, 400 MHz, 25 °C, ppm): 0.80 (t, J = 6.8 Hz, 12H, 
CH3CH2), 1.32–1.51 (m, 8H, CH3CH2), 1.60–1.78 (m, 4H, C(=O)NHCH2CH2CH2), 
1.89–1.94 (m, 2H, (CH3CH2)2CH)), 2.51–2.58 (m, 4H, CH2CH2C(=O)OH), 3.07–3.18 
(m, 4H, C(=O)NHCH2CH2CH2), 3.22–3.28 (m, 4H, C(=O)NHCH2CH2CH2), 7.81 (brs, 
1H, C(=O)NH), 7.99 (brs, 1H, C(=O)NH), 12.18 (brs, 1H, C(=O)OH); 
13
C NMR 
(CD3OD, 100 MHz, 25 °C, ppm): 12.5, 26.8, 28.7, 29.9, 37.6, 44.6, 46.8, 52.0, 173.9, 
176.4, 178.5, 178.8; HRMS(FAB): [MH]
+
, calcd for C22H41N3O5 428.3119, found 
428.3130; anal. calcd for C22H41N3O5: C, 61.80; H, 9.67; N, 9.83; O, 18.71, found: C, 
61.61; H, 9.78; N, 9.72; O, 18.89. 
N,N′-(3,3′-Azanediylbis(propane-3,1-diyl))bis(2-propylpentanamide) 
(G1-b-І).  It was synthesized by using 2-propylpentanoic acid (44.9 mL, 0.312 mol) 
rather than 2-ethylbutanoic acid while rest of the conditions and procedure were the 
same as those for the synthesis of G1-a-І.  Yield 84%, white solid, mp 92 °C, 1H 
NMR (CDCl3, 400 MHz, 25 °C, ppm): 0.84 (t, J = 7.2 Hz, 12H, CH3CH2), 1.18–1.34 
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(m, 8H, CH3CH2), 1.49–1.55 (m, 8H, CH3CH2CH2), 1.62–1.68 (m, 4H, 
C(=O)NHCH2CH2CH2), 1.99–2.06 (m, 2H, (CH3CH2CH2)2CH)), 2.15 (brs, 1H, 
CH2NHCH2), 2.56–2.64 (m, 4H, C(=O)NHCH2CH2CH2), 3.29–3.34 (m, 4H, 
C(=O)NHCH2CH2CH2), 6.63 (brs, 2H, C(=O)NH); 
13
C NMR (CDCl3, 100 MHz, 
25 °C, ppm): 14.0, 20.8, 29.1, 35.2, 37.0, 46.7, 47.5, 176.4; HRMS(FAB): [MH]
+
, 
calcd for C22H45N3O2 384.3585, found 384.3588; anal. calcd for C22H45N3O2: C, 
68.88; H, 11.82; N, 10.95; O,8.35, found: C, 68.69; H, 11.68; N, 10.98; O, 8.65. 
4-(bis(3-(2-Propylpentanamido)propyl)amino)-4-oxobutanoic acid 
(G1-b-ІІ).  The reaction of G1-b-І (25 g, 0.065 mol) with succinic anhydride (9.79 g, 
0.097 mol) and the purification of the product were carried out in the same way as that 
for the synthesis of G1-a-ІІ.  Yield 95%, white solid, mp 151 °C, 1H NMR (CD3OD, 
400 MHz, 25 °C, ppm): 0.84 (t, J = 6.8 Hz, 12H, CH3CH2), 1.18–1.28 (m, 8H, 
CH3CH2), 1.42–1.53 (m, 8H, CH3CH2CH2), 1.60–1.79 (m, 4H, 
C(=O)NHCH2CH2CH2), 2.09–2.17 (m, 2H, (CH3CH2CH2)2CH)), 2.53–2.58 (m, 4H, 
CH2CH2C(=O)OH), 3.06–3.17 (m, 4H, C(=O)NHCH2CH2CH2), 3.22–3.34/3.28 (m, 
4H, C(=O)NHCH2CH2CH2), 7.87 (brs, 1H, C(=O)NH), 8.05 (brs, 1H, C(=O)NH); 
13
C 
NMR (CD3OD, 100 MHz, 25 °C, ppm): 14.4, 21.8, 28.8, 30.1, 36.4, 37.6, 44.6, 46.8, 
47.9, 173.9, 176.4, 178.7, 179.1; HRMS(FAB): [MH]
+
, calcd for C26H49N3O5 
484.3745, found 484.3749; anal. calcd for C26H49N3O5: C, 64.56; H, 10.21; N, 8.69; O, 
16.54, found: C, 64.59; H, 9.98; N, 8.62; O, 16.81. 
N,N′-(3,3′-Azanediylbis(propane-3,1-diyl))bis(2-ethylhexanamide) (G1-c-І).  
It was synthesized by using 2-ethylhexanoic acid (44.9 mL, 0.312 mol) rather than 
2-ethylbutanoic acid whereas the rest of the conditions and procedure were the same as 
those for the synthesis of G1-a-І.  Yield 89%, white solid, mp 50 °C, 
1
H NMR 
(CDCl3, 400 MHz, 25 °C, ppm): 0.81–0.85 (m, 12H, CH3CH2), 1.16–1.28 (m, 8H, 
CH3CH2CH2CH2), 1.31–1.44 (m, 4H, CH3CH2CH2CH2), 1.50–1.67 (m, 8H, CH3CH2, 
C(=O)NHCH2CH2CH2), 1.85–1.94 (m, 2H, (CH3CH2CH2CH2)(CH3CH2)CH), 2.28 
(brs, 1H, CH2NHCH2), 2.55–2.63 (m, 4H, C(=O)NHCH2CH2CH2), 3.27–3.37 (m, 4H, 
C(=O)NHCH2CH2CH2), 6.57 (brs, 2H, C(=O)NH); 
13




25 °C, ppm): 11.9, 13.8, 22.6, 25.9, 29.1, 29.8, 32.4, 37.0, 46.8, 49.4, 176.1; 
HRMS(FAB): [MH]
+
, calcd for C22H45N3O2 384.3585, found 384.3593; anal. calcd for 
C22H45N3O2: C, 68.88; H, 11.82; N, 10.95; O, 8.35, found: C, 68.66; H, 11.91; N, 
10.71; O, 8.72. 
4-(bis(3-(2-Ethylhexanamido)propyl)amino)-4-oxobutanoic acid (G1-c-ІІ).  
The reaction of G1-c-І (25 g, 0.065 mol) with succinic anhydride (9.79 g, 0.097 mol) 
and the purification of the product were carried out in the same way as that for the 
synthesis of G1-a-ІІ.  Yield 96%, white solid, mp 115 °C, 1H NMR (CD3OD, 400 
MHz, 25 °C, ppm): 0.85–0.90 (m, 12H, CH3CH2), 1.22–1.47 (m, 8H, 
CH3CH2CH2CH2), 1.51–1.59 (m, 4H, CH3CH2CH2CH2), 1.68–1.75 (m, 4H, CH3CH2), 
1.79–1.87 (m, 4H, C(=O)NHCH2CH2CH2), 2.03–2.12 (m, 2H, 
(CH3CH2CH2CH2)(CH3CH2)CH), 2.59–2.65 (m, 4H, CH2CH2C(=O)OH), 3.14–3.25 
(m, 4H, C(=O)NHCH2CH2CH2), 3.36–3.41 (m, 4H, C(=O)NHCH2CH2CH2), 7.89 (brs, 
1H, C(=O)NH), 8.10 (brs, 1H, C(=O)NH); 
13
C NMR (CD3OD, 100 MHz, 25 °C, 
ppm): 12.4, 14.4, 23.7, 27.2, 28.9, 29.7, 30.1, 33.6, 37.6, 44.7, 46.9, 50.2, 174.0, 176.5, 
178.7, 179.0; HRMS(FAB): [MH]
+
, calcd for C26H49N3O5 484.3745, found 484.3750; 
anal. calcd for C26H49N3O5: C, 64.56; H, 10.21; N, 8.69; O, 16.54, found: C, 64.58; H, 





mido)propyl)succinamide) (G2-a-І).  The synthesis of G2-a-І was accomplished in 
the same way as that of G1-a-І by making use of G1-a-ІІ instead of 2-ethylbutanoic 
acid and the product was purified by washing with water.  Yield 55%, white solid, mp 
148–149 °C, 1H NMR (CD3OD, 400 MHz, 25 °C, ppm): 0.85–0.90 (m, 24H, CH3CH2), 
1.43–1.58 (m, 16H, CH3CH2), 1.66–1.72 (m, 4H, C(=O)NHCH2CH2CH2NH), 
1.79–1.86 (m, 8H, C(=O)NHCH2CH2CH2), 1.95–2.05 (m, 4H, (CH3CH2)2CH)), 2.21 
(brs, 1H, CH2NHCH2), 2.47–2.67 (m, 12H, C(=O)NHCH2CH2CH2NH, 
C(=O)CH2CH2C(=O)), 3.14–3.25 (m, 12H, C(=O)NHCH2CH2CH2NC(=O), 
C(=O)NHCH2CH2CH2NH), 3.34–3.40 (m, 8H, C(=O)NHCH2CH2CH2), 7.94 (brs, 2H, 
C(=O)NH), 8.15 (brs, 4H, C(=O)NH); 
13
C NMR (CD3OD, 100 MHz, 25 °C, ppm): 
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12.5, 26.8, 28.6, 29.2, 30.1, 31.8, 37.7, 38.3, 44.7, 46.8, 52.0, 174.0, 174.8, 178.5, 
178.8; HRMS(FAB): [MH]
+
, calcd for C50H95N9O8 950.7376, found 950.7383; anal. 
calcd for C50H95N9O8: C, 63.19; H, 10.08; N, 13.26; O, 13.47, found: C, 62.94; H, 
10.13; N, 13.18; O, 13.75. 
G2-a-ІІ.  It was synthesized by the reaction of G2-a-І (10 g, 0.010 mol) with 
succinic anhydride (1.58 g, 0.016 mol) under the same conditions as those for the 
synthesis of G1-a-ІІ and the product was purified by washing with water.  Yield 68%, 
white solid, mp 156 °C, 
1
H NMR (CD3OD, 400 MHz, 25 °C, ppm): 0.78–0.83 (m, 
24H, CH3CH2), 1.35–1.51 (m, 16H, CH3CH2), 1.62–1.81 (m, 12H, 
C(=O)NHCH2CH2CH2), 1.90–1.96 (m, 4H, (CH3CH2)2CH)), 2.41–2.63 (m, 12H, 
C(=O)CH2CH2C(=O)), 3.07–3.24 (m, 16H, C(=O)NHCH2CH2CH2, 
C(=O)NHCH2CH2CH2), 3.32–3.36 (m, 8H, C(=O)NHCH2CH2CH2), 7.89 (brs, 2H, 
C(=O)NH), 8.07 (brs, 4H, C(=O)NH); 
13
C NMR (CD3OD, 100 MHz, 25 °C, ppm): 
12.5, 26.8, 28.4, 28.7, 29.1, 29.7, 31.8, 37.8, 44.7, 46.7, 51.9, 173.9, 174.2, 174.3, 
178.5, 178.8; HRMS(FAB): [MH]
+
, calcd for C54H99N9O11 1050.7537, found 
1050.7543; anal. calcd for C54H99N9O11: C, 61.74; H, 9.50; N, 12.00; O, 16.76, found: 





namido)propyl)succinamide) (G2-b-І).  The synthesis of G2-b-І was carried out in 
the same way as that of G1-a-І by making use of G1-b-ІІ instead of 2-ethylbutanoic 
acid and the product was isolated by washing with water.  Yield 73%, white solid, mp 
146–147 °C, 1H NMR (CD3OD, 400 MHz, 25 °C, ppm): 0.90 (t, J = 7.0 Hz, 24H, 
CH3CH2), 1.24–1.37 (m, 16H, CH3CH2), 1.51–1.58 (m, 16H, CH3CH2CH2), 1.67–1.73 
(m, 4H, C(=O)NHCH2CH2CH2NH), 1.78–1.85 (m, 8H, (C(=O)NHCH2CH2CH2), 2.03 
(brs, 1H, CH2NHCH2), 2.15–2.25 (m, 4H, (CH3CH2CH2)2CH), 2.47–2.51 (m, 4H, 
C(=O)NHCH2CH2CH2NH), 2.62–2.67 (m, 8H, C(=O)CH2CH2C(=O)), 3.12–3.24 (m, 
12H, C(=O)NHCH2CH2CH2NC(=O), C(=O)NHCH2CH2CH2NH), 3.33–3.39 (m, 8H, 
C(=O)NHCH2CH2CH2), 7.95 (brs, 2H, C(=O)NH), 8.11 (brs, 4H, C(=O)NH); 
13
C 




38.1, 44.7, 46.8, 47.9, 174.0, 174.9, 178.7, 179.0; HRMS(FAB): [MH]
+
, calcd for 
C58H111N9O8 1062.8628, found 1062.8636; anal. calcd for C58H111N9O8: C, 65.56; H, 
10.53; N, 11.86; O, 12.05, found: C, 65.49; H, 10.67; N, 11.99; O, 11.85. 
G2-b-ІІ.  It was synthesized by the reaction of G2-b-І (10 g, 0.009 mol) with 
succinic anhydride (1.41 g, 0.014 mol) under the same conditions as those for the 
synthesis of G1-a-ІІ and the product was purified by washing with water.  Yield 88%, 
white solid, mp 141 °C, 
1
H NMR (CD3OD, 400 MHz, 25 °C, ppm): 0.89 (t, J = 6.8 Hz, 
24H, CH3CH2), 1.22–1.39 (m, 16H, CH3CH2), 1.49–1.59 (m, 16H, CH3CH2CH2), 
1.66–1.86 (m, 12H, C(=O)NHCH2CH2CH2), 2.16–2.23 (m, 4H, (CH3CH2CH2)2CH), 
2.49–2.68 (m, 12H, C(=O)CH2CH2C(=O)), 3.12–3.23 (m, 12H, 
C(=O)NHCH2CH2CH2), 3.33–3.41 (m, 12H, C(=O)NHCH2CH2CH2), 7.96 (brs, 2H, 
C(=O)NH), 8.12 (brs, 4H, C(=O)NH); 
13
C NMR (CD3OD, 100 MHz, 25 °C, ppm): 
14.4, 21.9, 28.4, 28.6, 28.9, 29.1, 29.2, 29.6, 31.7, 36.4, 37.8, 44.7, 46.7, 48.0, 174.0, 
174.7, 174.9, 178.8, 179.1; HRMS(FAB): [MH]
+
, calcd for C62H115N9O11 1162.8789, 
found 1162.8795; anal. calcd for C62H115N9O11: C, 64.05; H, 9.97; N, 10.84; O, 15.14, 





mido)propyl)succinamide) (G2-c-І).  The synthesis of G2-c-І was carried out in the 
same way as that of G1-a-І by making use of G1-c-ІІ instead of 2-ethylbutanoic acid 
and the product was isolated by washing with water.  Yield 91%, white solid, mp 
99 °C, 
1
H NMR (CD3OD, 400 MHz, 25 °C, ppm): 0.85–0.90 (m, 24H, CH3CH2), 
1.21–1.45 (m, 24H, CH3CH2CH2CH2), 1.50–1.59 (m, 8H, CH3CH2), 1.64–1.74 (m, 4H, 
C(=O)NHCH2CH2CH2NH), 1.79–1.84 (m, 8H, (C(=O)NHCH2CH2CH2), 2.04–2.11 (m, 
4H, (CH3CH2CH2CH2)(CH3 CH2)CH), 2.23 (brs, 1H, CH2NHCH2), 2.47–2.67 (m, 
12H, C(=O)NHCH2CH2CH2NH, C(=O)CH2CH2C(=O)), 3.13–3.24 (m, 12H, 
C(=O)NHCH2CH2CH2NC(=O), C(=O)NHCH2CH2CH2NH), 3.34–3.41 (m, 8H, 
C(=O)NHCH2CH2CH2), 7.91 (brs, 2H, C(=O)NH), 8.08 (brs, 4H, C(=O)NH); 
13
C 
NMR (CD3OD, 100 MHz, 25 °C, ppm): 12.5, 14.4, 23.7, 27.2, 28.6, 29.2, 29.7, 30.1, 
30.9, 31.8, 33.6, 37.7, 38.2, 44.7, 46.8, 174.0, 174.8, 178.7, 179.0; HRMS(FAB): 





, calcd for C58H111N9O8 1062.8628, found 1062.8620; anal. calcd for 
C58H111N9O8: C, 65.56; H, 10.53; N, 11.86; O, 12.05, found: C, 65.61; H, 10.50; N, 
11.77; O, 12.12. 
G2-c-ІІ.  It was synthesized by the reaction of G2-c-І (10 g, 0.009 mol) with 
succinic anhydride (1.41 g, 0.014 mol) under the same conditions as those for the 
synthesis of G1-a-ІІ and the product was purified by washing with water.  Yield 94%, 
white solid, mp 118–119 °C, 1H NMR (CD3OD, 400 MHz, 25 °C, ppm): 0.85–0.90 (m, 
24H, CH3CH2), 1.21–1.45 (m, 24H, CH3CH2CH2CH2), 1.51–1.57 (m, 8H, CH3CH2), 
1.69–1.85 (m, 12H, C(=O)NHCH2CH2CH2), 2.01–2.10 (m, 4H, 
(CH3CH2CH2CH2)(CH3CH2)CH), 2.48–2.67 (m, 12H, C(=O)CH2CH2C(=O)), 
3.13–3.25 (m, 12H, C(=O)NHCH2CH2CH2), 3.34–3.41 (m, 12H, 
C(=O)NHCH2CH2CH2), 7.93 (brs, 2H, C(=O)NH), 8.10 (brs, 4H, C(=O)NH); 
13
C 
NMR (CD3OD, 100 MHz, 25 °C, ppm): 12.5, 14.4, 23.7, 27.2, 28.7, 29.2, 29.7, 30.3, 
31.0, 31.7, 31.9, 33.6, 37.7, 37.8, 44.7, 46.9, 50.2, 173.9, 174.7, 174.9, 178.7, 178.9; 
HRMS(FAB): [MH]
+
, calcd for C62H115N9O11 1162.8789, found 1162.8779; anal. calcd 
for C62H115N9O11: C, 64.05; H, 9.97; N, 10.84; O, 15.14, found: C, 63.76; H, 9.85; N, 
11.03; O, 15.36. 
Synthesis of Dendronized Ethyl Cellulose.  2a.  A 200 mL one-necked flask 
was equipped with a stopper and a magnetic stirring bar.  Ethyl cellulose, 1, (1.43 g, 
6.10 mmol) and 4-(dimethylamino)pyridine (0.75 g, 6.10 mmol) were added to the 
flask and dissolved in CH2Cl2 (50 mL) at room temperature, followed by the addition 
of G1-a-ІІ (2.61 g, 6.10 mmol) and EDC·HCl (1.17 g, 6.10 mmol), respectively, and 
stirring was continued for 48 h at room temperature.  The product was isolated by the 
precipitation in aqueous NaHCO3 solution (1000 mL), filtered with a membrane filter, 
washed with water several times to ensure the complete removal of NaHCO3, and 
dried under vacuum to constant weight to afford the desired product as a beige solid.  
Yield 95%, 
1
H NMR (400 MHz, CDCl3, 25 ºC, ppm): 0.85 (brs, 3.72H, CH3CH2), 1.13 
(brs, 8.07H, OCH2CH3), 1.44 (brs, 2.48H, CH3CH2), 1.57 (brs, 1.24H, 




CH2CH2C(=O)O), 2.50–4.51 (m, (12.4H, OCH2CH3, OCH, OCH2) and (2.48H, 
C(=O)NHCH2CH2CH2)), 6.26 (brs, 0.31H, C(=O)NH), 6.68 (brs, 0.31H, C(=O)NH); 
IR (ATR, cm
-1
): 3310 (νNH), 2970, 2873, 1746 (νCO), 1645, 1539, 1443, 1375, 1277, 
1228, 1088, 1052, 921, 883, 798, 674; anal. calcd for (C18.2H32.85N0.93O6.24)n (364.57)n: 
C, 59.96; H, 9.08; N, 3.57; O, 27.39, found: C, 59.36; H, 8.56; N, 3.99; O, 28.09. 
2b.  This derivative was prepared by following the same procedure as for 2a 
using G1-b-ІІ (2.95 g, 6.10 mmol) instead of G1-a-ІІ.  Yield 93%, peach-colored 
solid, 
1
H NMR (400 MHz, CDCl3, 25 ºC, ppm): 0.86 (brs, 3.72H, CH3CH2), 1.13 (brs, 
8.07H, OCH2CH3), 1.24 (brs, 4.96H, CH3CH2CH2), 1.55 (brs, 1.24H, 
C(=O)NHCH2CH2CH2), 1.82 (brs, 0.62H, (CH3CH2CH2)2CH), 2.04 (brs, 1.24H, 
CH2CH2C(=O)O), 2.51–4.60 (m, (12.4H, OCH2CH3, OCH, OCH2) and (2.48H, 
C(=O)NHCH2CH2CH2)), 6.03 (brs, 0.31H, C(=O)NH), 6.64 (brs, 0.31H, C(=O)NH); 
IR (ATR, cm
-1
): 3308 (νNH), 2973, 2930, 2872, 1743 (νCO), 1646, 1539, 1443, 1375, 
1309, 1265,  1091, 1053, 920, 882, 794, 656; anal. calcd for (C19.4H35.3N0.93O6.24)n 
(381.96)n: C, 61.13; H, 9.32; N, 3.41; O, 26.14, found: C, 60.56; H, 9.26; N, 3.49; O, 
26.69. 
2c.  This derivative was prepared by following the same procedure as for 2a 
using G1-c-ІІ (2.95 g, 6.10 mmol) instead of G1-a-ІІ.  Yield 98%, off-white solid, 
1
H NMR (400 MHz, CDCl3, 25 ºC, ppm): 0.84 (brs, 3.72H, CH3CH2), 1.13 (brs, 8.07H, 
OCH2CH3), 1.23 (brs, 2.48H, CH3CH2CH2CH2), 1.39 (brs, 1.24H, CH3CH2CH2CH2), 
1.56 (brs, 1.24H, CH3CH2), 1.82 (brs, 1.24H, C(=O)NHCH2CH2CH2), 1.92 (brs, 
0.62H (CH3CH2CH2CH2)(CH3CH2)CH), 2.11 (brs, 1.24H, CH2CH2C(=O)O), 
2.49–4.45 (m, (12.4H, OCH2CH3, OCH, OCH2) and (2.48H, C(=O)NHCH2CH2CH2)), 
6.14 (brs, 0.31H, C(=O)NH), 6.63 (brs, 0.31H, C(=O)NH); IR (ATR, cm
-1
): 3299 
(νNH), 2970, 2930, 2871, 1744 (νCO), 1645, 1541, 1458, 1376, 1300, 1272,  1232, 
1091, 1053, 920, 855, 798; anal. calcd for (C19.4H35.3N0.93O6.24)n (381.96)n: C, 61.13; H, 
9.32; N, 3.41; O, 26.14, found: C, 60.74; H, 9.37; N, 3.88; O, 26.01. 
3a.  This derivative was prepared by following the same procedure as for 2a 
using G2-a-ІІ (6.41 g, 6.10 mmol) instead of G1-a-ІІ.  Yield 92%, peach-colored 





H NMR (400 MHz, CDCl3, 25 ºC, ppm): 0.845 (brs, 7.44H, CH3CH2), 1.12 (brs, 
8.07H, OCH2CH3), 1.43 (brs, 4.96H, CH3CH2), 1.55–1.64 (m, 3.72H, 
C(=O)NHCH2CH2CH2), 1.86 (brs, 1.24H, (CH3CH2)2CH), 2.15 (brs, 1.24H, 
C(=O)CH2CH2C(=O)), 2.47–4.59 (m, (12.4H, OCH2CH3, OCH, OCH2) and (9.92H, 
C(=O)CH2CH2C(=O), C(=O)NHCH2CH2CH2)), 6.55 (brs, 0.62H, C(=O)NH), 6.65 
(brs, 1.24H, C(=O)NH); IR (ATR, cm
-1
): 3300 (νNH), 3090, 2960, 2928, 2873, 1744 
(νCO), 1638, 1540, 1455, 1378, 1276,  1231, 1091, 1058, 920, 856, 804; anal. calcd 
for (C28.12H50.8N2.8O8.1)n (557.65)n: C, 60.57; H, 9.19; N, 7.01; O, 23.23, found: C, 
60.02; H, 9.28; N, 7.59; O, 23.11. 
3b.  This derivative was prepared by following the same procedure as for 2a 
using G2-b-ІІ (7.1 g, 6.10 mmol) instead of G1-a-ІІ.  Yield 96%, light peach-colored 
solid, 
1
H NMR (400 MHz, CDCl3, 25 ºC, ppm): 0.85 (brs, 7.44H, CH3CH2), 1.11–1.36 
(m, (8.07H, OCH2CH3) and (9.92H, CH3CH2CH2)), 1.51–1.65 (m, 3.72H, 
C(=O)NHCH2CH2CH2), 1.82 (brs, 1.24H, (CH3CH2CH2)2CH), 2.07 (brs, 1.24H, 
C(=O)CH2CH2C(=O)), 2.47–4.59 (m, (12.4H, OCH2CH3, OCH, OCH2) and (9.92H, 
C(=O)CH2CH2C(=Om), C(=O)NHCH2CH2CH2)), 6.73 (brs, 0.62H, C(=O)NH), 6.99 
(brs, 1.24H, C(=O)NH); IR (ATR, cm
-1
): 3292 (νNH), 3075, 2972, 2929, 2871, 1739 
(νCO), 1635, 1542, 1441, 1378, 1257, 1221, 1091, 1053, 879, 802, 710; anal. calcd for 
(C30.6H55.8N2.8O8.1)n (592.43)n: C, 62.04; H, 9.49; N, 6.60; O, 21.87, found: C, 62.58; H, 
9.11; N, 7.09; O, 21.22. 
3c.  This derivative was prepared by following the same procedure as for 2a 
using G2-c-ІІ (7.1 g, 6.10 mmol) instead of G1-a-ІІ.  Yield 90%, light yellow solid, 
1
H NMR (400 MHz, CDCl3, 25 ºC, ppm): 0.83 (brs, 7.44H, CH3CH2), 1.12 (brs, 8.07H, 
OCH2CH3), 1.22 (brs, 4.96H, CH3CH2CH2CH2), 1.38 (brs, 2.48H, CH3CH2CH2CH2), 
1.55 (brs, 2.48H, CH3CH2), 1.63 (brs, 3.72H, C(=O)NHCH2CH2CH2), 1.83 (brs, 
1.24H, (CH3CH2CH2CH2)(CH3CH2)CH), 1.95 (brs, 1.24H, C(=O)CH2CH2C(=O)), 
2.44–4.61 (m, (12.4H, OCH2CH3, OCH, OCH2) and (9.92H, C(=O)NHCH2CH2CH2)), 
6.60 (brs, 0.62H, C(=O)NH), 6.95 (brs, 1.24H, C(=O)NH); IR (ATR, cm
-1
): 3294 




1091, 1053, 853, 806, 707; anal. calcd for (C30.6H55.8N2.8O8.1)n (592.43)n: C, 62.04; H, 
9.49; N, 6.60; O, 21.87, found: C, 61.45; H, 9.16; N, 7.13; O, 22.26. 
Determination of the Degree of Substitution.  The degree of substitution 
with ethyl group (DSEt) of the starting material, 1, was determined by 
1
H NMR 
measurement, which also provided a clear indication of the incorporation of the 
dendritic moieties into ethyl cellulose.  However, the overlapping of the peaks arising 
due to the methyl protons of the dendritic moiety and those of ethyl cellulose did not 
allow the exact estimation of the degree of esterification (DSEst) which was determined 
by the elemental analysis (%N content) of the polymers (2a–c, 3a–c).  The total 
degree of substitution (DStotal) of 2a–c and 3a–c was calculated by the following 
equation: 
 
DStotal = DSEt + DSEst 
 
Membrane Fabrication.  Membranes (thickness ca. 40–80 μm) of polymers 
1 and 2a–c were fabricated by casting their chloroform solution (concentration ca. 
0.50–1.0 wt%) onto a Petri dish.  The dish was covered with a glass vessel to retard 
the rate of solvent evaporation (3–5 days). 
Membrane Density.  Membrane densities (ρ) were determined by 
hydrostatic weighing using a Mettler Toledo balance (model AG204, Switzerland) and 
a density determination kit.
15
  This method makes use of a liquid with known density 
(ρ0), and membrane density (ρ) is calculated by the following equation: 
 
ρ = ρ0 MA/(MA– ML) 
 
where MA is the weight of membrane in air and ML is that in the auxiliary liquid.  
Aqueous NaNO3 solution was used as an auxiliary liquid to measure the density of the 
polymer membranes. 
 Fractional Free Volume (FFV) of Polymer Membranes.  FFV (cm
3
 of free 





 of polymer) is commonly used to estimate the efficiency of chain packing 
and thus the amount of space (free volume) available for gas permeation in the 




FFV = (υsp – υ0)/ υsp ≈ (υsp – 1.3 υw)/ υsp 
 
where υsp and υ0 are the specific volume and occupied volume (or zero-point volume at 
0 K) of the polymer, respectively.  Typically, occupied volume (υ0) is estimated as 1.3 




Measurement of Gas Permeation Parameters.  The P values were 
calculated from the slopes of the time-pressure curves in the steady state where Fick’s 
law holds.
18
  The gas diffusion coefficients (D) were determined by the time lag 






here, l is the membrane thickness and θ is the time lag, which is given by the intercept 
of the asymptotic line of the time-pressure curve to the time axis.  The membrane 
thickness was controlled so that the time lag would be in the range of 10–300 s, 
preferably 30–150 s.  When the time lag was < 10 s, the error of measurement 
became relatively large.  If the time lag was, on the contrary, > 300 s, the error arising 
from the baseline drift became serious.  The gas solubility coefficients (S) were 
calculated by using the equation, S = P/D. 
 
Results and Discussion 
Dendron Synthesis.  A series of G1 and G2 amide-containing dendrons with 
branched alkyl periphery and focal carboxyl moiety (Chart 1) were prepared via a 
convergent pathway
19




dendrons (G1-a-ІІ–G1-c-ІІ) were prepared by the reaction of branched aliphatic acids 
with 1,1′-carbonyldiimidazole, and subsequently with 
N-(3-aminopropyl)propane-1,3-diamine generating a secondary amine at the focal 
point (G1-a-І–G1-c-І), which upon further treatment with succinic anhydride afforded 
a carboxyl moiety at the dendron termini.  The second generation dendrons 
(G2-a-ІІ–G2-c-ІІ) were prepared by the iteration of the same three-step reaction 
sequence.
20
  The presence of the branched alkyl periphery helps prevent the dendrons 
from being insoluble in common organic solvents thus making the otherwise 
cumbersome purification quite practicable, and the presence of carboxyl functionality 
at the dendron termini renders them capable to be engineered for various applications.  




 Conditions:  (a) toluene, 80 °C, 1 h; (b) toluene, 80 °C, 3 h; (c) toluene, 80 °C, 3 h; 
(d) 1,1′-Carbonyldiimidazole, as in (a); (e) N-(3-Aminopropyl)propane 
-1,3-diamine, as in (b); (f) Succinic anhydride, as in (c). 
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All of the synthetic procedures were carried out several times and can be considered 
optimized.  The characterization of the first and second generation amide-containing 




C NMR spectroscopy, mass spectrometry, and 
elemental analysis. 
Synthesis of Dendronized Ethyl Cellulose.  The incorporation of dendritic 
moieties (G1-a- ІІ–G1-c-ІІ and G2-a-ІІ–G2-c-ІІ) into ethyl cellulose (1) was carried 
out by coupling the carboxyl termini of dendrons to the hydroxy functionalities of 
ethyl cellulose; N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 
(EDC·HCl) was employed as a condensating agent and 4-(dimethylamino)pyridine 




 Abbreviations:  EDC·HCl, N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide 




(DMAP) as a base, as shown in Scheme 2, and the results are summarized in Table 1.  
The dendronized ethyl cellulose derivatives (2a–c and 3a–c) were characterized by the 
1
H NMR and IR spectroscopy and elemental analysis.  The DSEt of 1 was estimated 
to be 2.69, by calculating the integration ratio of methyl protons to the rest of the 
protons in 1, indicating the presence of 0.31 hydroxy groups per anhydroglucose 
unit.
21
  The 
1
H NMR spectra of one of the G1 dendrons (G1-c-ІІ), ethyl cellulose (1), 
and the corresponding dendronized ethyl cellulose (2c) are shown in Figure 1 and a 
similar information for a G2-derivatized ethyl cellulose (3c) is depicted in Figure 2.  
Although the 
1
H NMR spectra of the dendronized polymers provide a clear indication 
of the substitution of hydroxy protons by the dendritic moieties, the calculation of the 
exact degree of esterification could not be carried out due to the overlapping of the 
peaks arising from the methyl protons of the ethyl group of ethyl cellulose and those of 
the dendrons’ periphery.  Further evidence was furnished by the presence of the peaks 
characteristic of the carbonyl group of an ester (1746–1732 cm-1) in the IR spectra of 
the dendronized derivatives (2a–c and 3a–c).  The IR spectrum of 1 (Figure 3) has a 
broad band due to the residual hydroxy groups (3600–3200 cm-1), which did not 
disappear completely upon dendronization as the NH groups of the dendritic moiety 
also absorb IR radiation in the same wavenumber region. 
Despite the fact that the starting as well as the dendronized polymers are 
soluble in chloroform, the attempts to carry out molecular weight determination by 
GPC, using chloroform as an eluent, were unsuccessful to yield satisfactory and 
reproducible results probably due to the aggregation of the polymers.  Therefore, 
molecular weights of the polymers were determined by making use of the LiBr 
solution in DMF (10 mM) and reproducible results were obtained for G1-derivatized 
ethyl cellulose (2a–c).  According to GPC data of the polymers (Table 1), the 
number-average molecular weight (Mn) of 1 was found to be 71 000 and a significant 
increase in the Mn values (≥ 222 000) was observed as a consequence of the 
substitution of small hydroxy groups with fairly bulky G1 dendritic moieties.  
Meanwhile, the polydispersity indices (Mw/Mn) of the dendronized polymers (2a–c) 
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were not quite different from those of 1.  For instance, the Mn and Mw/Mn of 1 were 
Figure 1.  
1
H NMR spectra of G1-c-ІІ, 1, and 2c 
Labels:  a, terminal methyl protons of dendron; b, terminal methyl protons of ethyl 
cellulose; a′, terminal methyl protons derived from the dendron; b′, terminal methyl protons 
derived from ethyl cellulose. 
Figure 2.  
1
H NMR spectra of G2-c-ІІ, 1, and 3c 
Labels:  a, terminal methyl protons of dendron; b, terminal methyl protons of ethyl 
cellulose; a′, terminal methyl protons derived from the dendron; b′, terminal methyl protons 




observed to be 71 000 and 3.3, respectively, while those of 2a were 222 000 and 3.4.  
Figure 3.  FTIR spectra of 1, 2c, and 3c. 
 
Table 1.  Degree of Substitution and Molecular Weight of Polymers 








 1   2.69
a
  71 000 237 000 3.3 
2a ≈ 3.00b 222 000 750 000 3.4 
2b ≈ 3.00b 225 000 677 000 3.0 
2c ≈ 3.00b 226 000 739 000 3.3 
3a ≈ 3.00b – d – d – d 
3b ≈ 3.00b – d – d – d 
3c ≈ 3.00b – d – d – d 
a




 Determined by elemental analysis. 
c
 Determined by 
GPC (0.01 M LiBr in DMF as eluent). 
d
 Could not be determined. 
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These facts rule out the possibility of polymer chain cleavage in the course of 
esterification.  However, observed Mn values were twice those of the theoretical ones 
for G1-functionalized polymers (2a–c) which might have resulted either due to the 
aggregation of dendronized polymers in DMF or relatively nonpolar and quite 
different morphological nature of the polystyrene standards which have been used to 
construct the calibration curve employed for the estimation of the molecular weight.  
With G2-derivatized polymers (3a–c), very broad GPC elution curves and 
irreproducibility of the results did not allow the correct molecular weight 
determination.  This might be due to the low solubility (Table 2) and/or anomalous 
elution, which is known to occur in very large polymers or aggregated systems.
22
 
Solubility and Thermal Properties of Polymers.  The solubility properties 
of ethyl cellulose (1) and its G1- and G2-functionalized (2a–c and 3a–c) derivatives 
are summarized in Table 2.  1 is soluble in polar protic solvents such as methanol and 
the same tendency was retained after dendronization.  The solubility behavior of 
dendronized polymers in polar aprotic solvents exhibited several variations depending 
on the polarity of the solvent and the length of the peripheral alkyl groups of dendritic 
moieties.  For instance, 1, 2a–c, and 3a were soluble in DMF whereas 3b and 3c were 
almost soluble (can not be described as completely soluble); on the other hand, 1 is 
soluble in DMSO but all of the dendronized derivatives were insoluble except 2a 
Table 2.  Solubility
a
 of Polymers 1, 2a–c, and 3a–c 
polymer 1 2a 2b 2c 3a 3b 3c 
methanol + + + + + + + 
DMF + + + + + ± ± 
DMSO + ± – – + – – 
acetone ± + + + – – – 
THF + + + + – – ± 
CHCl3 + + + + + + + 
toluene + ± + + – – – 
hexane – – – – – – – 
a




(partly soluble) and 3a (soluble).  Ethyl cellulose is partly soluble in acetone and 
switched to being soluble (2a–c) when derivatized with first generation 
amide-containing dendrons and turned insoluble (3a–c) upon the incorporation of 
second generation dendritic moieties.  1 and 2a–c were soluble in the moderately 
polar cyclic ether, THF, while 3a–c were insoluble.  The solubility characteristics of 1 
in CHCl3 were unchanged upon dendronization, and all of the dendronized derivatives 
of ethyl cellulose were soluble in CHCl3.  The appreciably good solubility of 
G1-derivatized polymers (2a–c) in CHCl3 was exploited for membrane fabrication.  
Furthermore, 1 and 2a–c are soluble (2a is almost soluble) in toluene, a less polar 
solvent, while the higher polarity of 3a–c due to the presence of nine amide linkages 
renders them insoluble.  Thus it can be inferred that the dendronized ethyl cellulose 
derivatives tend to be soluble in polar protic solvents like methanol, highly polar 
aprotic solvents like DMF, and moderately polar halogenated solvents like CHCl3.  
Moreover, the solubility window narrows in going from the G1- to G2-derivatized 
polymers. 
The thermal stability of polymers 1, 2a–c, and 3a–c was examined by 
thermogravimetric analysis (TGA) in air (Figure 4).  The onset temperatures of 
weight loss (T0) of 2a–c and 3a–c were in the ranges of 295–325 ºC and 312–320 ºC, 
respectively, while that of 1 was 297 ºC (Table 3) thus indicating no decrement in 






 1 297 132 
2a 295  69 
2b 317  57 
2c 325  53 
3a 320  52 
3b 312  40 
3c 313  28 
a
 T0: Onset temperature of weight loss. Determined from TGA measurement in air. 
b
 Tg: Glass transition temperature. Determined by DSC analysis under nitrogen. 
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thermal stability.  The retained thermal stability, despite the substitution of small 
hydroxy groups by the bulky dendritic moieties, is most likely to arise from the 
polarity of the dendritic substituents and the conjunctional ester linkage.  The 
incorporated dendritic structures are also capable of hydrogen bond formation as the 
parent polymeric material (1) is; but it is probably the retainment of the individual 
bond strengths in the polymer structure which is responsible for the retained thermal 
stability upon dendron functionalization.  
The glass transition temperature (Tg) of polymers 1, 2a–c, and 3a–c were 
determined by the differential scanning calorimetric (DSC) analysis under nitrogen 
(Figure 5).  It was observed that the glass transition temperature (Tg) of 1 (132 ºC) 
underwent a significant decrease as a result of the substitution by dendritic 
appendages; for instance, the Tg of 2a–c and 3a–c were 53–69 ºC and 28–52 ºC, 
respectively (Table 3).  The variation in the glass transition temperature of the 
dendritic macromolecules is dramatically affected by the nature of chain ends and the 













increased polarity of the peripheral groups (convergent pathway) entails enhanced Tg 
values and vice versa.
23
  The amide-containing dendritic moieties have fairly bulky 
nonpolar peripheral alkyl groups which are responsible for such a significant decrease 
in the glass transition temperature when incorporated into the ethyl cellulose.  
Furthermore, the Tg of dendron-functionalized ethyl cellulosics underwent a decrement 
in going from the G1- to G2-derivatized ones perhaps due to the increment in the 
number of the peripheral alkyl groups. 
Density and FFV of Polymer Membranes.  An appreciably good solubility 
of the G1-functionalized polymers (2a–c) in CHCl3 rendered the fabrication of 
free-standing membranes attainable.  The van der Waals volume (υw), density (ρ), and 
fractional free volume (FFV) of the polymer membranes (1 and 2a–c) are summarized 
in Table 4.  All of the dendronized derivatives (2a–c) exhibited higher values of 
membrane density than that of ethyl cellulose (1); thus, the ρ value of 1 was observed 
to be 1.099 while those of 2a–c were in the range of 1.104–1.133.  The increased 
density can be ascribed to the increased mass of the substituents and enhanced 
Figure 5.  DSC thermograms of polymers 1, 2a–c, and 3a–c (under N2, second 
scan). 
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interactions inside the polymer matrix due to the presence of polar amide linkages.  
These findings are quite reasonable as polymers bearing polar functionalities generally 
possess higher densities than those of the corresponding hydrocarbon polymers.
24
  It 
is worth mentioning that the incorporation of dendritic moieties led to the reduction in 
the FFV of the polymer membranes (1, 0.182; 2a–c, 0.148–0.159).  For instance, 2a 
was observed to possess the lowest fractional free volume (FFV is 0.148), which 
indicates the reduction in the size of free volume cavities due to the introduction of 
polar dendritic substituents.  However, it is a general trend that the presence of the 
polar substituents favors the intersegmental packing as has been reported in amino- 
and hydroxy-functionalized polymers.
24,25
  Hence, the polarity of the dendron 
appendages, inducing the favorable interactions inside the polymer network, 
contributes to enhance the intersegmental packing which might have led to the 
decrease in the size of free volume elements in the polymer matrix.  As another 
possible explanation, it can be assumed that the introduction of dendritic substituents 
with bulky alkyl periphery into ethyl cellulose has resulted in the more flexible 
polymeric structures (as indicated by the lowering of Tg) which often pack more 
tightly in the non-crystalline regions than their semi-rigid parent polymers with longer 
persistence length, thus exhibiting reduction in the fractional free volume. 
Gas Permeation Properties.  The permeability coefficients of the 
membranes of 1 and 2a–c to various gases measured at 25 °C are listed in Table 5.  
The gas permeability coefficients (P) of the dendronized polymers were lower than 





/mol) ρb (g/cm3) FFVc 
 1 135.8 1.099 0.182 
2a 210.6 1.133 0.148 
2b 223.3 1.104 0.159 
2c 223.3 1.105 0.159 
a υw: van der Waals volume. 
b ρ: density. Determined by hydrostatic weighing. c 





that of 1, and approximately obey the following order: 1 > 2b > 2a ≈ 2c.  Although 
the P values of the dendron-functionalized polymers show a little disparity from each 
other, the general order of the gas permeability coefficients seems to be determined by 
the shape, size, chemical nature, and mobility of the dendritic substituents. 
The present study reveals the effect of the incorporation of amide-containing 
dendritic appendages on the gas permeation characteristics of ethyl cellulose.  There 
have been no systematic reports concerning the dendron functionalization of ethyl 
cellulose and outcomes of this successful conjunction as a membrane-forming material, 
till today.  It has been discerned that the substitution of small hydroxy groups of ethyl 
cellulose with bulky and polar dendritic substituents resulted in the decreased 
permeability coefficients for all the gases.  For instance, the PO2 and PN2 of 1 are 15 
and 4.5 barrers and those observed for 2a–c were 5.2–7.0 and 1.2–1.7 barrers, 
respectively.  The gas permeability did not vary significantly with the change in the 
dendritic substituents as they possess great similarity in the composition and shape; 
however subtle variations in the gas permeability emanating from the slight structural 
modification did not go unnoticed.  For instance, the carbon dioxide permeability 
coefficients (PCO2) for 2a–c were 27, 38, and 29 barrers, respectively, where 2b 
displayed the highest CO2 permeability; and similar tendencies were observed for 
other gases in the present study.  The P values for 2b were higher than those for 2a 
which stem probably from the relatively bulky alkyl periphery slightly overruling the 
effect of the polarity of amide linkages.  In the case of 2c the number of carbon atoms 







PHe/PN2 PH2/PN2 PCO2/PN2 PCO2/PCH4 
He H2 O2 N2 CO2 CH4 
 1 47 68 15 4.5 91 9.2 10.4 15.1 20.2   9.9 
2a 26 33  5.2 1.2 27 2.4 21.7 27.5 22.5 11 
2b 28 37  7.0 1.7 38 3.8 16.5 21.8 22.2 10 
2c 27 31  5.6 1.3 29 2.8 20.8 23.8 22.3 10 
a
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is the same as that for 2b but the shape/size might have played its role as the branching 
of alkyl groups at the peripheral amide linkages does not exhibit the same uniformity 
as that in 2b.  These results are quite in compliance with the previous ones describing 
the effect of the shape and the length of the alkyl groups, present in the side chains, on 
the gas permeability of polymeric membranes.
21,26
  These trends in the gas 
permeability of dendronized polymers can reasonably be attributed to the presence of 
polar (amide and ester) groups resulting in a denser chain packing, leading to the 
reduced free volume space inside the polymer matrix, and in turn lower gas 
permeability; moreover, the bulk of the dendritic substituents might have influenced in 
the same way due to the hindered local mobility. 
The most worth mentioning of the gas permeation characteristics of ethyl 
cellulose (1) and its dendronized derivatives (2a–c) is the increased permselectivity for 
various gas pairs (Table 5).  The PCO2/PN2 selectivity of ethyl cellulose (1) is 20.2 
which increased upto 22.5 (2a) after the substitution of dendron appendages.  
Similarly, the PHe/PN2, PH2/PN2, PCO2/PCH4 selectivity values of 1 (10.4, 15.1, and 9.9, 
respectively) experienced an increase upon derivatization and 2a displayed the highest 
permselectivity (21.7, 27.5, and 11) for the corresponding gas pairs.  The decrease in 
the gas permeability with a concomitant increase in the permselectivity for various gas 
pairs is in accordance with the well known ‘tradeoff’ relation.27  Furthermore, the 
decrease in gas permeability became more pronounced as the molecular size of the 
penetrant gases increased as is evident from the augmented selectivity of small gases 
such as He and H2 over N2 with larger kinetic diameter.  These findings are consistent 
with the previous results that the structural alterations, which enhance chain packing 
and simultaneously hinder the segmental motion in the polymer matrix, tend to 
decrease permeability while increasing permselectivity.
24
  The permselectivity 
enhancement in the present series of polymers might not appear quite significant at 
first glance; however, these results should be dealt with great care keeping in mind the 
two plausible reasons: (і) the dendronization across the polymer chain could not be 




derivatization per three anhydroglucose units, (іі) the polar amide and ester groups are 
not peripheral (due to the presence of bulky alkyl moieties) and might not be exposed 
enough to get involved in effective interactions with CO2 molecules.  The present 
results imply the sensitivity of the gas transport properties of membrane-forming 
materials towards the modification of subtle structural features such as interchain 
spacing and segmental mobility. 
Gas Diffusivity and Solubility.  Gas permeability (P), which is the 
steady-state, pressure- and thickness-normalized gas flux through a membrane, can be 
expressed as the product of gas solubility (S) in the upstream face of the membrane 
and effective average gas diffusion (D) through the membrane, strictly in rubbery and 
approximately in glassy polymers:
28
 
P = S × D 
 
A detailed investigation of the gas permeation characteristics was carried out 
by determining the gas diffusion coefficients (D) and gas solubility coefficients (S) of 
the polymers.  The plots of D and S values of polymers 1 and 2a–c for CO2 and CH4 
are illustrated in Figures 6 and 7, respectively.  A distinct lowering of the gas 
permeability of ethyl cellulose as a consequence of the incorporation of fairly bulky 
and polar dendritic moieties has been revealed to stem from the subsidence of both the 
gas diffusion and gas solubility coefficients.   
The D values of all the gases were observed to follow a decline upon 
dendronization (2a–c); for instance, 1 displayed the DO2 value of 9.1, and those of 
2a–c were in the range of 4.8–5.9, in the units of 107 cm2 s-1.  The gas diffusion 
coefficients, delineated as a complex interplay between fractional free volume and 
local/torsional mobility, tend to decrease if accompanied by a loss in either of these 
factors.  The decrement in the gas diffusion coefficients finds its explanation in the 




On the other hand, the dendron functionalization of ethyl cellulose 
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accompanied a decrease in the gas solubility coefficients as well; e.g., the SCO2 of 1 
and 2a–c were 27.3 and 16.3–18.6 while the SN2 values being 1.1 and 0.5–0.6, 








.  The reduction in the S 
values can be accounted for by the attenuated fractional free volume of the 
dendronized polymers (2a–c), as summarized in Table 4. 
In the glassy polymeric membranes, generally the D value undergoes a 
decrease with increasing critical volume of gases, whereas the S value experiences an 
increase with increasing critical temperature of gases.
28a
  Similar tendencies were 
observed in the D and S values of the polymer membranes of 1 and its dendronized 
derivatives; e.g., in the case of 2a, the diffusivity of CH4 was the lowest and that of O2 






, respectively) while CO2 displayed the highest 








, respectively).  
The diffusion coefficients of this new family of dendron-functionalized cellulosics 






(2a–c) were in the order DO2 > DN2 > DCO2 > DCH4, the same as for the starting 
polymer, ethyl cellulose.  Similarly, the S values of 1 and 2a–c were observed to 
follow the same trend (SCO2 > SCH4 > SO2 > SN2).  
It has already been mentioned that the dendronized polymers displayed better 
separation performance for various gas pairs, and as far as the CO2/N2 separation is 
concerned the increase in solubility selectivity is responsible for the enhanced 
PCO2/PN2 selectivity.  Despite the DCO2/DN2 of 1 being almost unaffected by the 
dendron incorporation, the SCO2/SN2 experienced an augmentation probably due to the 
interaction of quadrupolar CO2 molecules with the polar dendron appendages.   
 
Conclusions 
 The present study is concerned with the synthesis of a series of first and 
second generation novel amide-containing dendrons (G1-a-ІІ–G1-c-ІІ and 
G2-a-ІІ–G2-c-ІІ) and describes an approach to design new dendritic macromolecules 
Figure 7.  Plot of SCH4 vs DCH4 of ethyl cellulose (1) and its dendronized 
derivatives (2a–c). 
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based on ethyl cellulose.  The complete substitution of the residual hydroxy protons 
of ethyl cellulose (1; DSEt, 2.69) by the dendritic moieties has been demonstrated by 
1
H NMR and is evidenced by the elemental analysis.  The G1-derivatized polymers 
(2a–c) displayed better organosolubility than that of G2-derivatized ones (3a–c), 
however, all of the dendron-functionalized polymers were soluble in chloroform and 
methanol.  The dendronization of ethyl cellulose accompanied the retention of 
thermal stability and the lowering of glass transition temperature.  G1-appended 
polymers (2a–c) afforded free-standing membranes, exhibiting decrement in density 
and FFV, hence low gas permeability as compared to 1.  The decrease in the gas 
permeability was investigated to arise from the attenuation in the gas diffusion and 
solubility coefficients, presumably ensuing from the decreased FFV and hindered local 
mobility in the polymer matrix.  The improved separation performance was discerned 
for He/N2, H2/N2, CO2/N2 and CO2/CH4 gas pairs. 
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Synthesis, Characterization, and Gas Permeation Properties of 
t-Butylcarbamates of Cellulose Derivatives 
 
Abstract 
t-Butylcarbamates of ethyl cellulose (1; DSEt, 2.69 and 2; DSEt, 2.50) and 
cellulose acetate (3; DSAc, 2.46 and 4; DSAc, 1.80) were synthesized by the reaction of 
residual hydroxy groups of cellulose derivatives with t-butylisocyanate.  The 
1
H 
NMR spectra and elemental analysis were employed to determine the degree of 
incorporation of carbamoyl moiety (DSCarb) and almost complete substitution of the 
residual hydroxy protons was observed.  The presence of the peaks characteristic of 
the carbamate linkage in the FTIR spectra furnished further evidence for the successful 
carbamoylation of ethyl cellulose and cellulose acetate.  The resulting polymers 
(1a–4a) were soluble in common organic solvents.  The onset temperatures of weight 
loss of 1a–4a were 177–204 °C, indicating fair thermal stability.  The free-standing 
membranes of 1–4 and 1a–4a were fabricated, and derivatized polymers exhibited 
enhanced gas permeability, especially the gas permeability of cellulose acetate (3; 
DSAc, 2.46 and 4; DSAc, 1.80) underwent a significant increment.  4a exhibited a 
remarkable increase in CO2 permeability, i.e., 22 times higher than that of 4 (PCO2 38 
barrers; cf. PCO2 of 4, 1.7 barrers).  Quite interestingly, a more or less retainment of 
CO2/N2 permselectivity was revealed. 
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Introduction 
Polymeric gas separation membranes, owing to the lower energy requirements, 
smaller footprints, and more chemical robustness than the conventional separation 
methodologies, have engrossed substantial prominence contributing to the sustainable 
chemical processing in the past two decades and are being exploited in a wide array of 
commercial applications.
1
  At present, a variety of gas mixtures of industrial interest 
are being separated by the selective permeation of the components through non-porous 




Ethyl cellulose and cellulose acetate are organosoluble derivatives of cellulose, 
an inexhaustible natural polymeric material, and along with the many inherited 
fascinating features of extensive linearity, chain stiffness, excellent durability, 
chemical resistance, mechanical strength, non-toxicity, and low cost, these cellulose 
derivatives enjoy remarkably good solubility in organic solvents, thus adequate 
membrane-forming ability and moderate gas permeation/pervaporation capability.
3
 
There have been several reports concerning the gas permeation characteristics 
of ethyl cellulose and cellulose acetate,
4
 and carbon dioxide selectivity of these 
materials is quite high, for instance, the CO2/N2 and CO2/CH4 selectivity of cellulose 
acetate is known to be higher than 38 and 30, respectively.  The presence of the 
residual hydroxy groups in ethyl cellulose and cellulose acetate renders these 
polymeric materials capable of being engineered for desired applications.  Moreover, 
the chemical derivatization is an apt way to tailor the gas permeation characteristics of 
these membrane-forming materials and carbamate formation serves as an attractive 
pathway due to the facile synthesis, fair chemical stability and good solubility of the 
resulting polymers.  The past few decades have witnessed an extensive investigation 
concerning the synthesis and characterization of various carbamate derivatives of 
cellulose which on account of their solubility in organic solvents find a variety of 
applications as in the molecular weight determination of cellulose, lyotropic 
liquid-crystal formation,
5





Since, no significant research activity is known to be carried out regarding the 
carbamate synthesis of ethyl cellulose or cellulose acetate, it would be interesting to 
synthesize these novel polymeric materials and to reveal the effect of the carbamate 
linkage on the gas permeability and permselectivity of these cellulose derivatives. 
This chapter describes the synthesis and characterization of t-butylcarbamates 
of ethyl cellulose (1a and 2a) and cellulose acetate (3a and 4a) (Scheme 1).  The 
solubility characteristics and thermal properties of the derivatized polymers were 
elucidated.  Free-standing membranes of the starting as well as resulting polymers 
(1–4 and 1a–4a) were fabricated and their gas permeation parameters were determined.  
Moreover, the diffusion and solubility coefficients of polymer membranes for O2, N2, 
CO2, and CH4 were also revealed. 
 
Experimental Section 
 Measurements.  1H NMR spectra were recorded on a JEOL EX-400 
spectrometer and the residual proton signal of the deutrated solvent (CDCl3) was used 
as internal standard.  The samples for the NMR measurements were prepared at a 
concentration of approximately 10 mg/mL and chemical shifts are reported in parts per 
million (ppm).  All of the spectra were recorded for 192 scans with a pulse delay of 
37 s in order to obtain reliable integrations.  Infrared spectra were recorded on a Jasco 
FTIR-4100 spectrophotometer and 200 spectra were accumulated at a resolution of 4 
cm
-1
, for each measurement.  The elemental analyses were conducted at the 
Microanalytical Center of Kyoto University.  The number- and weight-average 
Scheme 1.  Synthesis of t-Butylcarbamates of Cellulose Derivatives. 
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molecular weights (Mn and Mw, respectively) and polydispersity indices (Mw/Mn) of 
polymers were determined by gel permeation chromatography (GPC) on a JASCO 
Gulliver system (PU-980, CO-965, RI-930, and UV-1570), except for 4 and 4a; all the 
measurements were carried out at 40 ºC using polystyrene gel columns (Shodex 
columns KF-805L × 3), and tetrahydrofuran (THF) as an eluent at a flow rate of 1.0 
mL/min.  For 4 and 4a, the molecular weight determination was carried out on a 
JASCO Gulliver system (PU-980, CO-965, RI-930, and UV-2075) at 40 ºC using two 
TSK-Gel columns (α-M and GMHXL) in series and LiBr solution (10 mM) in 
N,N-dimethylformamide as an eluent at a flow rate of 1.0 mL/min.  The elution times 
were converted into molecular weights using a calibration curve based on polystyrene 
standards (molecular weight range up to 4×10
6
 for the system using THF and up to 
4×10
8 for that using LiBr in DMF) in combination with the information obtained from 
the refractive index detector.  Thermogravimetric analyses (TGA) were conducted in 
air with a Shimadzu TGA–50 thermal analyzer by heating the samples (3–5 mg) from 
100–700 ºC at a scanning rate of 10 ºC min-1.  Differential scanning calorimetric 
(DSC) analyses were performed using a Seiko DSC6200/EXSTAR6000 apparatus and 
measurements were carried out by making use of 3–5 mg samples, under a nitrogen 
atmosphere, after calibration with an indium standard.  The samples were first heated 
from ambient temperature (25 ºC) to +250 °C at a scanning rate of 20 ºC min
-1
 (first 
heating scan) and then immediately quenched to -100 °C at a rate of 100 ºC min
-1
.  
The second heating scans were run from -100 to +250 °C at a scanning rate of 20 ºC 
min
-1
 to record stable thermograms.  The data for glass transition temperature (Tg) 
were obtained from the second run and correspond to the midpoint of discontinuity in 
the heat flow.  Membrane thickness was estimated by using a Mitutoyo micrometer.  
The gas permeability coefficients (P) were measured with a Rikaseiki K-315-N gas 
permeability apparatus using a constant volume/variable-pressure system.
7
  All of the 
measurements were carried out at 25 ºC and a feed pressure of 0.1 MPa (1 atm) while 
the pressure difference across the membrane was ~107 kPa as the system was being 
evacuated on the downstream side of the membrane. 
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 Materials.  Ethyl cellulose (1; ethoxy content, 49 wt%), cellulose acetate (3; 
acetyl content, 36.7 wt%), t-butylisocyanate and dibutyltin dilaurate were purchased 
from Aldrich and used as received.  Ethyl cellulose (2; ethoxy content, 45.6 wt%) 
was obtained commercially from Fluka and cellulose acetate (4; acetyl content, 26.9 
wt%) was donated by Daicel Chemical Industries, Ltd.  N,N-Dimethylformamide 
(DMF) used as the reaction solvent, was purchased from Wako (Japan) and purified by 
distillation prior to use while distilled water (Wako, Japan) was used without further 
purification.  
The t-butylcarbamates of ethyl cellulose (1a, 2a) and cellulose acetate (3a, 4a) 
were synthesized according to Scheme 1.  The details of the synthetic procedure and 
analytical data are as follows:  
t-Butylcarbamate of Ethyl Cellulose (1a).  A 200 mL three-necked flask was 
equipped with a dropping funnel, a reflux condenser, a three-way stopcock, a stopper 
and a magnetic stirring bar.  Ethyl cellulose, 1, (1.43 g, 6.10 mmol) was placed in the 
flask, evacuated for half an hour, flushed with nitrogen, and dissolved in DMF (50 
mL) at room temperature.  Then, dibutyltin dilaurate (0.1 mL, 0.16 mmol) was added 
followed by the dropwise addition of t-butylisocyanate (2.9 mL, 24.4 mmol) along 
with constant stirring.  The temperature was raised to 70 °C and stirring was 
continued for 36 h.  Product was isolated by precipitation in a 1:3 methanol/water 
mixture (1000 mL), filtered with a membrane filter, washed repeatedly with water, and 
dried under vacuum.  The product was stirred vigorously with hexane for 24 hours, 
washed thoroughly and dried to constant weight to afford the desired product (88%) as 
white solid.  
1
H NMR (400 MHz, CDCl3, 25 ºC, ppm): 1.13 (brs, 8.07H, OCH2CH3), 
1.27 (s, 2.79H, C(CH3)3), 2.99–4.74 (m, 12.4H, OCH2CH3, OCH, OCH2); IR (ATR, 
cm
-1
): 3348, 2972, 2871, 1733, 1499, 1443, 1374, 1354, 1264, 1090, 1054, 942, 918, 
869, 768; anal. calcd for (C12.93H23.55N0.31O5.31)n (268.33)n: C, 57.87; H, 8.85; N, 1.62; 
O, 31.66, found: C, 57.54; H, 8.66; N, 1.58; O, 32.22.  
t-Butylcarbamate of Ethyl Cellulose (2a).  This derivative was prepared by 
following the same procedure as for 1a using ethyl cellulose, 2, (1.41 g, 6.10 mmol) 
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instead of 1.  Yield 92%, white solid, 
1
H NMR (400 MHz, CDCl3, 25 ºC, ppm): 1.11 
(brs, 7.5H, OCH2CH3), 1.26 (s, 4.5H, C(CH3)3), 2.98–4.75 (m, 12H, OCH2CH3, OCH, 
OCH2); IR (ATR, cm
-1
): 3308, 2973, 2871, 1734, 1501, 1455, 1393, 1366, 1264, 1208, 
1091, 1056, 923, 879, 814, 768; anal. calcd for (C13.5H24.5N0.5O5.5)n (281.84)n: C, 
57.53; H, 8.76; N, 2.48; O, 31.22, found: C, 57.14; H, 8.65; N, 2.57; O, 31.64. 
t-Butylcarbamate of Cellulose Acetate (3a).  This derivative was prepared 
by using cellulose acetate, 3, (1.62 g, 6.10 mmol) as the starting polymer rather than 1 
while the synthetic procedure was the same as for 1a.  Yield 89%, white solid, 
1
H 
NMR (400 MHz, CDCl3, 25 ºC, ppm): 1.21−1.31 (m, 4.86H, C(CH3)3), 1.89−2.12 (m, 
7.38H, OCOCH3), 3.40−5.11 (m, 7H, OCH, OCH2); IR (ATR, cm
-1
): 3299, 2965, 2873, 
1742, 1638, 1524, 1456, 1430, 1366, 1227, 1164, 1041, 904, 846, 776; anal. calcd for 
(C13.62H19.78N0.54O8.0)n (319.08)n: C, 51.27; H, 6.25; N, 2.37; O, 40.11, found: C, 50.84; 
H, 6.21; N, 2.31; O, 40.64. 
t-Butylcarbamate of Cellulose Acetate (4a).  This derivative was prepared 
by adopting the same procedure as for 1a using cellulose acetate, 4, (1.45 g, 6.10 
mmol) instead of 1.  Yield 91%, white solid, 
1
H NMR (400 MHz, CDCl3, 25 ºC, 
ppm): 1.22−1.31 (m, 10.8H, C(CH3)3), 1.88−2.14 (m, 5.4H, OCOCH3), 3.25−5.19 (m, 
7H, OCH, OCH2); IR (ATR, cm
-1
): 3300, 2966, 2874, 1736, 1638, 1518, 1458, 1394, 
1366, 1264, 1224, 1167, 1044, 923, 838, 773, 679; anal. calcd for (C15.6H24.4N1.2O8.0)n 
(356.76)n: C, 52.52; H, 6.89; N, 4.71; O, 35.88, found: C, 52.72; H, 6.65; N, 4.64; O, 
35.99. 
Determination of the Degree of Substitution.  The degree of substitution 
with ethyl group (DSEt) in ethyl cellulose (1, 2) and that with acetyl group in cellulose 
acetate (3) was determined by 
1
H NMR, which also provided a clear indication of the 
carbamate formation.  However, the overlapping of the peaks arising due to the 
methyl protons of t-butyl and those of ethyl groups (in 1a and 2a) did not allow an 
exact estimation of the degree of carbamate formation (DSCarb) which was confirmed 
by the elemental analysis (%N content) of the polymers.  The total degree of 
substitution (DStotal) of the resulting polymers was calculated as below: 
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DStotal = DSEt + DSCarb            (for 1a and 2a) 
DStotal = DSAc + DSCarb            (for 3a and 4a) 
 
Membrane Fabrication.  Membranes (thickness ca. 40–80 μm) of polymers 
1, 2, and 1a–4a were fabricated by casting their chloroform solution (concentration ca. 
0.50–1.0 wt%) onto a Petri dish whereas THF and DMF solutions were employed for 3 
and 4, respectively, due to the lack of solubility in CHCl3.  The dish was covered with 
a glass vessel to retard the rate of solvent evaporation (3–5 days). 
Measurement of Gas Permeation Parameters.  The P values were 
calculated from the slopes of the time-pressure curves in the steady state where Fick’s 
law holds.
8
  The gas diffusion coefficients (D) were determined by the time lag 






here, l is the membrane thickness and θ is the time lag, which is given by the intercept 
of the asymptotic line of the time-pressure curve to the time axis.  The membrane 
thickness was controlled so that the time lag would be in the range of 10–300 s, 
preferably 30–150 s.  When the time lag was < 10 s, the error of measurement 
became relatively large.  If the time lag was, on the contrary, > 300 s, the error arising 
from the baseline drift became serious.  The gas solubility coefficients (S) were 
calculated by using the equation, S = P/D. 
 
Results and Discussion 
Carbamate Synthesis.  The carbamoylation was accomplished by coupling 
the residual hydroxy functionalities of ethyl cellulose (1 and 2) and cellulose acetate (3 
and 4) with t-butylisocyanate in the presence of dibutyltin dilaurate as a catalyst as 
shown in Scheme 1, and the results are listed in Table 1.  The carbamate derivatives 
(1a–4a) were characterized by the 1H NMR and IR spectroscopy and elemental 
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analysis.  The DSEt of 1 and 2 was estimated to be 2.69 and 2.50, by calculating the 
integration ratio of methyl protons to the rest of the protons in 1 and 2, respectively, 
Table 1.  Degree of Substitution (DS) and Molecular Weight of Polymers 












   1 – –  2.69 57 000 2.6 
  1a ≈ 0.31 ≈ 0.30 ≈ 3.00 63 000 2.3 
   2 – –  2.50 50 000 2.6 
  2a ≈ 0.50 ≈ 0.52 ≈ 3.00 57 000 2.4 
   3 – –  2.46 64 000 2.3 
  3a ≈ 0.54 ≈ 0.53 ≈ 3.00 70 000 2.2 
   4 – –  1.80 89 000 2.0 
  4a ≈ 1.20 ≈ 1.18 ≈ 3.00 93 000 2.0 
a




 Determined by elemental analysis. 
c
 Determined by 
GPC (THF as eluent). 
d
 Determined by GPC (0.01 M LiBr in DMF as eluent). 
Figure 1.  
1
H NMR spectra of 1, 2, 1a, and 2a. 
Labels:  a, terminal methyl protons of ethyl cellulose; a′, terminal methyl protons 
derived from ethyl cellulose; b′, terminal methyl protons of the carbamoyl moiety. 
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indicating the presence of 0.31 and 0.50 hydroxy groups per anhydroglucose unit.  
The DSAc of 3 was determined in a similar way whereas that for 4 was provided by the 
manufacturer.  The 
1
H NMR spectra of the starting polymers (1–3) and their 
carbamate derivatives (1a–4a) are shown in Figures 1 and 2.  Although the 1H NMR 
spectra of the derivatized polymers provided a clear indication of the incorporation of 
t-buytlcarbamoyl group, the calculation of the exact degree of carbamoylation (DSCarb) 
for 1a and 2a could not be carried out due to the overlapping of the peaks arising from 
the methyl protons of the ethyl group of ethyl cellulose and those of the carbamate 
moiety.  Further evidence was furnished by the presence of the peaks characteristic of 
the C=O stretching (1742–1733 cm-1) and NH-bending (1524–1499 cm-1) of the 
carbamate, in the IR spectra of the resulting polymers (1a–4a).  The IR spectra of 1–4 
(Figures 3 and 4) displayed a broad band attributable to the residual hydroxy groups 
(3600–3200 cm-1), which did not disappear completely upon carbamate formation as 
the NH bond of the carbamoyl moiety also absorbs IR radiation in the same 
Figure 2.  
1
H NMR spectra of 3, 3a, and 4a. 
Labels:  a, terminal methyl protons of cellulose acetate; a′, terminal methyl 
protons derived from cellulose acetate; b′, terminal methyl protons of the carbamoyl 
moiety. 
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wavenumber range.  Moreover, the absence of the peak around 2270–2100 cm-1, 
assignable to the isocyanate group of the starting material, provided a clear evidence of 
the product purification.  
The molecular weights of the starting as well as the derivatized polymers were 
determined by the gel permeation chromatography and the data are summarized in 
Table 1.  The molecular weight determination of ethyl cellulose (1; DSEt, 2.69 and 2; 
DSEt, 2.50), cellulose acetate (3; DSAc, 2.46), and their carbamate derivatives (1a–3a) 
was carried out by making use of THF as eluent while for 4 and 4a, elution was 
effected with LiBr solution (10 mM) in DMF because of the insolubility of cellulose 
acetate (4; DSAc, 1.80) in THF.  The carbamoylation of cellulose derivatives 
accompanied an increase in the molecular weight of the polymers, e.g., the Mn of 3 and 
4 were observed to be 64 000 and 89 000 while those for 3a and 4a were 70 000 and 
93 000, respectively.  Moreover, the polydispersity indices (Mw/Mn) of the carbamate 
derivatives (1a–4a) were not quite different from those of 1–4, for instance, the Mw/Mn 
of 2 and 2a were 2.6 and 2.4 and for 3 and 3a were 2.3 and 2.2, respectively, thus 




ruling out the possibility of polymer chain cleavage under the reaction conditions 
employed for carbamate formation.   
 
Figure 4.  FTIR spectra of 3, 4, 3a, and 4a. 
 
Table 2.  Solubility
a
 of Polymers 1–4 and 1a–4a 
polymer 1 1a 2 2a 3 3a 4 4a 
methanol + + + + – + – + 
DMF + + + + + + + + 
DMSO + + + + + + – + 
acetone ± + + + + + – + 
THF + + + + + + – + 
CHCl3 + + + + ± + – + 
toluene + + ± + – + – + 
a
 Symbols: +, soluble; ±, partly soluble; –, insoluble. 
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Solubility and Thermal Properties of Polymers.  The solubility properties 
of ethyl cellulose (1 and 2), cellulose acetate (3 and 4), and their carbamate derivatives 
(1a–4a) are described in Table 2.  1 and 2 are soluble in polar protic solvents such as 
methanol and highly polar aprotic solvents like DMF and DMSO, and the same 
tendency was retained upon carbamoylation.  The solubility behavior of the 
carbamate derivatives of ethyl cellulose, 1a and 2a, in THF and CHCl3 was the same 
as that of the starting polymers, and only the two points of difference were the 
complete solubility of 1a in polar aprotic solvent acetone (1 is partly soluble) and that 
of 2a in toluene (2 is partly soluble).  However, the solubility characteristics of 
cellulose acetate (3 and 4) got significantly tuned as a result of substitution of small 
hydroxy groups with polar carbamate linkages possessing a bulky alkyl periphery.  
For instance, 3 was insoluble in methanol and toluene, and partly soluble in CHCl3, 
whereas 3a was observed to be completely soluble in methanol due to the polar nature 
of the carbamate group, and in CHCl3 and toluene owing to the presence of the bulky 







t-butyl moiety.  A striking change was witnessed in the solubility properties of 4, 
soluble in DMF only, while its carbamate derivative 4a displayed solubility in a 
variety of solvents including methanol, DMSO, acetone, THF, CHCl3, and toluene 
because of the presence of polar carbamate linkages along with bulky t-butyl side 
groups, hence, overcoming the intramolecular hydrogen boding responsible for the 
insolubility of 4.  Thus it can be inferred that the incorporation of t-butylcarbamate 
group into various cellulose derivatives led to an overall improvement in the 
organosolubility of the polymers. 
The thermal stability of polymers 1–4 and 1a–4a was examined by 
thermogravimetric analysis (TGA) in air (Figures 5 and 6).  The onset temperatures 
of weight loss (T0) of 1–4 and 1a–4a were in the ranges of 308–337 ºC and 177–204 
ºC, respectively.  The TGA curves of carbamate derivatives indicated a three step 
weight loss commencing at approximately 200 ºC, 300 ºC, and 350 ºC, respectively, 
whereas a two step weight loss was exhibited by the starting polymers.  For 1a–4a, 
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the first stage of decomposition should correspond to the cleavage of side groups as 




The glass transition temperature (Tg) of polymers 1–4 and 1a–4a were 
determined by the differential scanning calorimetric (DSC) analysis under nitrogen 
(Figures 7 and 8).  The incorporation of t-butylcarbamoyl group was observed to 
accompany a slight decrease in the glass transition temperature (Tg); for instance, the 
Tg values of 2 and 4 were 142 ºC and 205 ºC while those for 2a and 4a were 127 ºC 
and 189 ºC, respectively (Table 3).  The variation in the glass transition temperature 
of the polymeric materials is dramatically affected by the nature of side chains and the 
increased polarity entails enhanced Tg values and vice versa; on the other hand, the 
bulk and the shape of the substituents is of vital significance too and the presence of 
spherical bulky substituents augments the chain flexibility thus leading to the reduced 
Tg.
10
  In previous studies concerning the derivatization of ethyl cellulose and 
cellulose acetate, the incorporation of nonpolar and bulky substituents has been 




reported to lead to the decline in the glass transition temperature of the polymers.
11a,12
  
However, the present series of polymers (1a–4a) is characterized by the presence of 
polar carbamate linkages and the expected decrease in Tg resulting from the 
substitution of small hydroxy groups by bulkier carbamoyl functionalities is most 
probably offset by the polar nature of the carbamate moieties. 
 
 
Gas Permeation Properties.  The permeability coefficients of the membranes 
of 1–4 and 1a–4a to various gases measured at 25 °C are shown in Table 4.  The gas 
permeability coefficients (P) of the carbamate derivatives (1a–4a) were higher than 
those of the starting cellulose derivatives, and the most pronounced enhancement was 
observed for 4a.  In the case of ethyl cellulose derivatives (1a and 2a) there was a 
slight increase in gas permeability without any significant change in permselectivity, 
e.g., the PCO2 and PCO2/PN2 of 2a were 89 and 22.8, whereas 80 barrers and 22.9 for 2, 
Figure 8.  DSC thermograms of polymers 3, 4, 3a, and 4a (under N2, second 
scan). 
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respectively.  On the other hand, the carbamoylation of cellulose acetate (3 and 4) 
resulted in a considerable increase in P values for all the gases; for instance, the PO2 
and PCO2 of 3 being 0.67 and 4.6 while those for 3a were 3.1 and 19 barrers, 
respectively, thus exhibiting a 4–5 times enhancement.  Furthermore, the carbamate 
formation of 4 (DSAc, 1.80) accompanied the most extensive augmentation in gas 
permeability, probably due to the greatest extent of derivatization attained (4a, DSAc, 
1.80; DSCarb, 1.20); 4a displayed the PO2 and PCO2 values of 5.5 and 38 barrers, 
respectively, representing a voluminous increase of ≥ 20 times.   
The present study reveals the effect of the incorporation of carbamate 
appendages on the gas permeation characteristics of ethyl cellulose and cellulose 
acetate.  There have been no systematic reports concerning the t-butylcarbamoylation 
of these membrane-forming cellulose derivatives and the transformation acquired in 
terms of gas permeability and permselectivity.  It has been discerned that the 
substitution of small hydroxy groups of ethyl cellulose and cellulose acetate with polar 
carbamate linkages bearing a bulky and spherical periphery resulted in the increased 
permeability coefficients for all the gases.  The present series of cellulose derivatives 






 1 311 132 
1a 177 124 
 2 308 142 
2a 180 127 
 3 337 194 
3a 204 185 
 4 319 205 
4a 204 189 
a 
T0: Onset temperature of weight loss. Determined from TGA measurement in air. 
b




represents a clear manifestation of the dependence of the gas transport properties of 
membrane-forming materials upon the modification of two most important subtle 
structural features, i.e. interchain spacing and segmental mobility. 
In polymeric membranes, the decrement of gas permeability emanating from 
the introduction of polar substituents due to the reduced free volume inside the 
polymer matrix is a well established concept;
13
 on the contrary, the presence of 
spherical side groups is known to bring forth the augmentation in gas permeability 
owing to the increased excess free volume and/or enhanced local mobility.
14,15
  The 
t-butylcarbamates of cellulose derivatives (1a–4a) possess both the aforementioned 
features and the local mobility of the side groups playing a dominant role resulted in 
the permeability enhancement which was quite substantial for cellulose acetate 
derivatives, especially for 4a.  These results are quite in compliance with the previous 
ones describing a two times increase in the P values to arise from the silylation of 
ethyl cellulose (DSEt, 2.69), a four to five times enhancement for silylated cellulose 
acetate (DSAc, 2.46), and a magnanimous augmentation of more than 30 times to result 
from the silylation of cellulose acetate (DSAc, 1.80).
11b,12
 
The most worth mentioning of the gas permeation characteristics of this series 








He H2 O2  N2 CO2 CH4 
1 47 68 15 4.3 91  9.2 21.2  9.9 
1a 57 75 17 4.7  100 10.5 21.2  9.5 
2 41 59 13  3.5 80  7.5 22.9 10.7 
2a 51 71 15 3.9 89  8.4 22.8 10.6 
 3 15 12   0.67  0.14   4.6 0.15 32.8 30.7 
3a 27 26 3.1   0.66 19 0.83 28.8 22.9 
4   8.4   5.7 0.28  0.044   1.7  0.045 38.6 37.8 
4a 34 36 5.5    1.3 38  1.97 29.2 19.3 
a 
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of polymers is the fact that the CO2 permselectivity was almost retained despite a 
considerable increase in permeability (Table 4).  There was a fourfold increase in the 
CO2 permeability of 3 upon carbamoylation (3, 4.6; 3a, 19) but its PCO2/PN2 selectivity 
underwent a relatively slight change (3, 32.8; 3a, 28.8).  Moreover, the carbamate 
derivative of 4 exhibited a 22 times enhancement in PCO2 (4, 1.7; 4a, 38), whereas its 
CO2/N2 permselectivity experienced a change from 38.6 to 29.2 only.  The increased 
CO2 permeability without any significant loss of permselectivity is probably a 
consequence of the increased CO2 diffusivity and retained CO2/N2 solubility 
selectivity of these polymeric membranes; the latter being attributable to the presence 
of polar carbamate linkages. 
Gas Diffusivity and Solubility.  Gas permeability (P), which is the 
steady-state, pressure- and thickness-normalized gas flux through a membrane, can be 
expressed as the product of gas solubility (S) in the upstream face of the membrane 
and effective average gas diffusion (D) through the membrane, strictly in rubbery and 




P = S × D 
 
A detailed investigation of the gas permeation characteristics was carried out 
by determining the gas diffusion coefficients (D) and gas solubility coefficients (S) of 
the polymers.  The plots of S versus D values of polymers 2, 2a, 4, and 4a for O2 and 
CO2 are illustrated in Figures 9 and 10, respectively.  The gas permeability 
enhancement, as a consequence of the incorporation of polar carbamate linkages 
having spherical and bulky alkyl termini, has been revealed to stem from the 
amplification of the gas diffusion coefficients of the polymer membranes.   
The D values of all the gases increased upon carbamoylation (1a–4a); for 







.  The gas diffusion coefficients, delineated as a complex interplay between 
fractional free volume and local mobility, tend to increase if accompanied by an 
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augmentation in either of these factors but are known to be more dependent on the 
latter.  The increment in the gas diffusion coefficients finds its explanation in the 
enhanced segmental mobility of the carbamates of cellulose derivatives, attributable to 
the presence of spherical and bulky t-butyl moieties.
8,14
  As with the gas permeability 
coefficients, the enhancement of the gas diffusivity was much more prominent for 
carbamates of cellulose acetate (3a and 4a); the DCO2 values of 2 and 2a were 2.39 and 
2.93 while those for 4 and 4a were 0.023 and 1.05, respectively. 
On the other hand, the carbamate formation accompanied a decrease in the gas 
solubility coefficients; e.g., the SO2 of 2 and 2a were 1.89 and 1.65 while the SCO2 









The reduction in the S values can be accounted for by the attenuated fractional free 




In glassy polymeric membranes, generally the D value undergoes a decrease 
Figure 9.  Plot of SO2 vs DO2 for polymers 2, 4, 2a, and 4a. 
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with increasing critical volume of gases whereas the S value experiences an increase 
with increasing critical temperature of gases.
1a
  Similar tendencies were observed in 
the D and S values of the polymer membranes of the starting (1–4) as well as the 
carbamoylated cellulose derivatives (1a–4a); e.g., in the case of 4a, the diffusivity of 
















, respectively).  The diffusion coefficients of these 
carbamate-functionalized cellulosics (1a–4a) were in the order DO2 > DN2 > DCO2 > 
DCH4, the same as for the starting polymers, ethyl cellulose and cellulose acetate.  
Similarly, the S values of 1–4 and 1a–4a were observed to follow the same trend (SCO2 
> SCH4 > SO2 > SN2).  
It is noteworthy that the increase in the diffusion coefficients upon 
carbamoylation was more pronounced than the decrease in the solubility coefficients, 
thus leading to the net effect of enhanced permeability.  Furthermore, these results 
Figure 10.  Plot of SCO2 vs DCO2 for polymers 2, 4, 2a, and 4a. 
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indicate the significance of bulky spherical groups to enhance gas permeability by 
affecting an increment in the gas diffusion coefficients of the polymer membranes. 
 
Conclusions 
 The present study is concerned with the synthesis of a series of 
t-butylcarbamates of ethyl cellulose (1a: DSEt, 2.69, DSCarb, 0.31; and 2a: DSEt, 2.50, 
DSCarb, 0.50) and cellulose acetate (3a: DSAc, 2.46, DSCarb, 0.54; and 4: DSAc, 1.80, 
DSCarb, 1.20), and describes an approach to transform the gas permeation 
characteristics of these membrane-forming materials.  The use of dibutyltin dilaurate 
as a catalyst has been demonstrated to accomplish the complete substitution of the 
residual hydroxy protons of ethyl cellulose (1: DSEt, 2.69; 2: DSEt, 2.50) and cellulose 
acetate (3: DSAc, 2.46; 4: DSAc, 1.80) by the t-butylcarbamoyl moiety as indicated by 
the 
1
H NMR, and evidenced by the FTIR and elemental analysis.  The carbamate 
derivatives displayed good solubility in common organic solvents and organosolubility 
of 4 was witnessed to undergo a remarkable improvement.  Good thermal stability 
was revealed and initiation of degradation was elucidated to ensue from the loss of 
t-butylisocyanate around 180–200 °C under air.  Free-standing membranes of all of 
the starting and resulting polymers, 1–4 and 1a–4a, were fabricated by solution casting.  
Membranes of 1a–4a exhibited increased gas permeability which was investigated to 
arise from the increment in the gas diffusion coefficients, presumably emanating from 
the enhanced local mobility in the polymer matrix.  The increase in the gas 
permeability as well as gas diffusivity of polymer membranes was far more 
pronounced in the carbamate derivatives of cellulose acetate (3a and 4a) than that 
observed upon carbamoylation of ethyl cellulose (1a and 2a).  Despite a considerable 
amplification of CO2 permeability in 3a and 4a, the carbamate formation accompanied 
an almost retained CO2/N2 permselectivity and good separation performance was 
discerned for CO2/N2 and CO2/CH4 gas pairs. 
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The amino acid esters of hydroxypropyl cellulose [R' = H (2a), CH3 (2b), 
CH2CH(CH3)2 (2c), CH2CONH2 (2d), CH2CH2CONH2 (2e), 
CH2CH2CH2CH2NHOCOC(CH3)3 (2f)] were synthesized in good yield by the reaction 
of t-butoxycarbonyl (t-Boc)-protected amino acids with hydroxy groups of 
hydroxypropyl cellulose (1; molar substitution (MS), 4.61).  The amino acid 
functionalities displaying varied chemical nature, shape, and bulk were utilized and the 
bulk of the substituent on the α-carbon of amino acids was elucidated to be of vital 
significance for the observed degree of incorporation (DSEst).  The 
1
H NMR spectra 
and elemental analysis were employed to determine the degree of incorporation of 
amino acid moiety (DSEst) and almost complete substitution of the hydroxy protons 
was revealed for 2a, 2b, and 2f.  The presence of the peaks characteristic of the 
carbonyl group in the FTIR spectra furnished further evidence for the successful 
esterification of hydroxypropyl cellulose.  The starting as well as the resulting 
polymers (1 and 2a–f) were soluble in polar organic solvents; however, the 
esterification of 1 with bulky organic moieties resulted in an increased hydrophobicity 
as all of the amino acid-functionalized polymers (2a–f) were insoluble in water.  The 
onset temperatures of weight loss of 2a–f were 175–230 °C, indicating fair thermal 
stability.  The amino acid functionalization led to the enhanced polymer chain 
stiffness, and the glass transition temperatures of the derivatized polymers were 
30–40 °C higher than that of 1 (Tg 3.9 °C; cf. Tg of 2a–f, 35.1–43.3 °C). 
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Introduction 
Cellulose, an inexhaustible natural polymeric material, endowed with a 
polyfunctional macromolecular structure and an environmentally benign nature, 
suffers from the lack of solubility emanating from its supramolecular architecture.  
On the other hand, water soluble cellulose derivatives are physiologically inert 
biocompatible materials characterized by a multitude of potential applications in the 
food, cosmetics, and pharmaceutical sectors.  Hydroxypropyl cellulose (HPC), one of 
the commercially important cellulose ethers, is an odorless, thermoplastic, non-toxic 
polymer, displaying excellent solubility in water as well as polar organic solvents.
1
  
Owing to its ability to serve as a colloidal stabilizer, an emulsifier, and a coating agent, 
HPC finds a wide range of industrial applications in ceramics, paint, paper, or textile,
2
 
and has gained considerable interest as a speciality polymer in the electronic industry 
due to its remarkable biocompatibility.  HPC has also been extensively employed in 
oral and topical pharmaceutical formulations as a tablet binder, a film-coating material, 
and a thickening agent etc.
3,3
  However, the film formulations based on the 
biodegradable, biocompatible polysaccharides for the controlled delivery of 
hydrophobic drugs encounter the precipitation of the drug within the matrix of 
water-soluble polysaccharides.
4
  Hydroxypropyl cellulose (HPC), being widely 
employed as a pharmaceutical excipient for various purposes, possesses three hydroxy 
groups per anhydroglucose unit capable to serve as the sites of chemical derivatization 
and offers the possibility to bring about the modification of solubility properties.  The 
synthesis of HPC derivatives with hydrophobic side chains might be expected to 
increase the hydrophobicity of the resulting polymeric materials thus making them 
potentially more suitable carriers for hydrophobic drugs. 
Amino acids are the basic building blocks of nature capable of accomplishing a 
variety of exquisite functions spanning the horizons of natural to synthetic materials, 
serving the multifarious domains of life including food, drugs, and fibers, playing a 
prominent role in the world of synthetic architectures as a chiral source for organic 
synthesis and optical resolution material.  In the past few decades, synthesis of amino 
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acid- and peptide-containing polymers has attracted considerable attention, since a 
high degree of amino acid functionality and chirality can confer the polymers with the 
unique features of enhanced solubility, regulated higher order structures/helix 
formation, stimuli-responsiveness, and liquid crystalline arrangement.
5
  Furthermore, 
amino acids and peptides are being widely used in the synthesis of biocompatible 
architectures, finding quite promising applications as controlled drug delivery systems, 
cell-adhesive structures, polyelectrolytes, chiral recognition materials, and medicines.
6
   
Esterification is one of the facile means to exploit the hydroxy groups present 
in cellulose derivatives, and has been the most commonly used synthetic approach 
leading towards the preparation of cellulose-based materials capable of exhibiting 
cholesteric LC phase transitions.
7
  Although the amino acid-containing polymers 
have engrossed substantial prominence as a new class of bioactive polymeric 
materials,
5,6 no significant research endeavor concerning the amino acid 
functionalization of cellulose derivatives has been reported so far.  The hydroxy 
anchors of HPC and the carboxy termini of amino acids provide an ample opportunity 
of bringing about a successful conjunction of the two biocompatible families of 
materials.  Our previous efforts to effect the derivatization of organosoluble cellulosic 
polymers with a variety of substituents are quite evident of the fact that the tailoring of 
pendants on the cellulosic backbone results in a significant alteration of solubility 
Scheme 1.  Synthesis of Amino Acid Esters of Hydroxypropyl Cellulose 
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characteristics as desired for specific applications.
8
  Hence, amino acid esterification 
of HPC is anticipated to lead to the modification of solubility and hydrophobicity of 
the derivatized counterparts, making these materials interesting candidates for 
hydrophobic drug carriers. 
This chapter despicts the synthesis and characterization of amino 
acid-functionalized hydroxypropyl cellulose derivatives (2a–f) (Scheme 1).  A clear 
dependence of degree of esterification (DSEst) on the bulk of the substituent on the 
α-carbon of amino acids has been revealed.  The solubility characteristics and thermal 
properties of the derivatized polymers were elucidated. 
 
Experimental Section 
 Measurements.  1H NMR spectra were recorded on a JEOL EX-400 
spectrometer and the residual proton signal of the d6-DMSO was used as internal 
standard.  The samples for the NMR measurements were prepared at a concentration 
of approximately 10 mg/mL and chemical shifts are reported in parts per million (ppm).  
All of the spectra were recorded for 64 scans with a pulse delay of 37 s at 80 °C in 
order to obtain reliable integrations.  Infrared spectra were recorded on a Jasco 
FTIR-4100 spectrophotometer and 64 spectra were accumulated at a resolution of 4 
cm
-1
, for each measurement.  The elemental analyses were conducted at the 
Microanalytical Center of Kyoto University.  The number- and weight-average 
molecular weights (Mn and Mw, respectively) and polydispersity indices (Mw/Mn) of 
polymers were determined by gel permeation chromatography (GPC) on a JASCO 
Gulliver system (PU-980, CO-965, RI-930, and UV-2075).  All the measurements 
were carried out at 40 ºC using two TSK-Gel columns [α-M (bead size, 13 μm; 
molecular weight range > 1×107) and GMHXL (bead size 9 μm; molecular weight 
range up to 4×10
8
)] in series and LiBr solution (10 mM) in N,N-dimethylformamide as 
an eluent at a flow rate of 1.0 mL/min.  The elution times were converted into 
molecular weights using a calibration curve based on polystyrene standards in 
combination with the information obtained from the refractive index detector.  
Chapter5 
 139 
Specific rotations ([α]D) were measured with a JASCO DIP-1000 digital polarimeter.  
Thermogravimetric analyses (TGA) were conducted in air with a Shimadzu TGA–50 
thermal analyzer by heating the samples (5–7 mg) from 100–700 ºC at a scanning rate 
of 10 ºC min
-1
.  Differential scanning calorimetric (DSC) analyses were performed 
using a Seiko DSC6200/EXSTAR6000 apparatus and measurements were carried out 
by making use of 5–7 mg samples, under a nitrogen atmosphere, after calibration with 
an indium standard.  The samples were first heated from ambient temperature (25 ºC) 
to 188 °C at a scanning rate of 20 ºC min
-1
 (first heating scan) and then immediately 
quenched to -100 °C at a rate of 100 ºC min
-1
.  The second heating scans were run 
from -100 to 188 °C at a scanning rate of 20 ºC min
-1
 to record stable thermograms.  
The data for glass transition temperature (Tg) were obtained from the second run and 
correspond to the midpoint of discontinuity in the heat flow.   
 Materials.  Hydroxypropyl cellulose (1), 4-(dimethylamino)pyridine (Wako, 
Japan), and N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 
(EDC·HCl; Eiweiss Chemical Corporation) were obtained commercially and used as 
received.  N-α-t-Butoxycarbonyl-L-glycine, N-α-t-butoxycarbonyl-L-alanine, 
N-α-t-butoxycarbonyl-L-leucine, N-α-t-butoxycarbonyl-L-asparagine, 
N-α-t-butoxycarbonyl-L-glutamine, and N-α-,N-ε-di-t-butoxycarbonyl-L-lysine were 
purchased from Watanabe Chemical Ind. (Japan).  Dichloromethane (CH2Cl2), used 
as the reaction solvent, and distilled water, used for polymer precipitation and washing, 
were purchased from Wako (Japan) and used without further purification.  
The amino acid esters of hydroxypropyl cellulose (2a–f) were synthesized 
according to Scheme 1.  The details of the synthetic procedure and analytical data are 
as follows:  
N-α-t-Butoxycarbonyl-L-glycine Ester of Hydroxypropyl Cellulose (2a).  A 
200 mL one-necked flask was equipped with a stopper and a magnetic stirring bar.  
Hydroxypropyl cellulose, 1, (1.35 g, 3.13 mmol) was added into the flask and 
dissolved in CH2Cl2 (50 mL) at room temperature.  4-(Dimethylamino)pyridine (0.34 
g, 2.82 mmol) was introduced followed by the addition of 
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N-α-t-Butoxycarbonyl-L-glycine (4.94 g, 28.17 mmol) and EDC·HCl (5.4 g, 28.17 
mmol), respectively, and stirring was continued for 48 h at room temperature.  The 
product was isolated by the precipitation in aqueous NaHCO3 solution (1000 mL), 
filtered with a membrane filter, washed with water several times to ensure the 
complete removal of NaHCO3, and dried under vacuum to constant weight to afford 
the desired product as a white solid.  Yield 95%, 
1
H NMR (400 MHz, d6-DMSO, 80 
ºC, ppm): 1.06–1.17 (m, 13.83H, OCHCH3), 1.38 (s, 27.0H, OCOC(CH3)3), 3.21–4.45 
(m, 18.83H, OCHCH3, OCH, OCH2, and 6.0H, NHCH2CO), 4.91 (brs, 2H, OCHCH3); 
IR (ATR, cm
-1
): 3383, 2977, 2929, 2877, 1751, 1705, 1510, 1456, 1366, 1251, 1201, 
1157, 1051, 959, 864, 782; [α]D = –18.2° (c = 0.10 g/dL in CH3OH); anal. calcd for 
(C40.83H70.66N3.00O18.61)n (901.3869)n: C, 54.40; H, 7.90; N, 4.66; O, 33.04, found: C, 
53.89; H, 7.77; N, 4.83; O, 33.51.  
N-α-t-Butoxycarbonyl-L-alanine Ester of Hydroxypropyl Cellulose (2b).  
This derivative was prepared by following the same procedure as for 2a using 
N-α-t-butoxycarbonyl-L-alanine (5.33 g, 28.17 mmol) instead of 
N-α-t-butoxycarbonyl-L-glycine.  Yield 97%, white solid, 1H NMR (400 MHz, 
d6-DMSO, 80 ºC, ppm): 1.07–1.16 (m, 13.83H, OCHCH3), 1.37 (s, 27.0H, 
OCOC(CH3)3), 1.50 (s, 9.0H, NHCH(CH3)CO), 3.21–4.65 (m, 18.83H, OCHCH3, 
OCH, OCH2, and 3.0H, NHCHCO), 4.89 (brs, 2H, OCHCH3); IR (ATR, cm
-1
): 3368, 
2978, 2936, 2877, 1755, 1712, 1505, 1454, 1366, 1303, 1250, 1213, 1161, 1091, 1055, 
1020, 983, 950, 853, 778, 757; [α]D = –28.3° (c = 0.10 g/dL in CH3OH); anal. calcd for 
(C43.83H76.66N3.00O18.61)n (943.4666)n: C, 55.80; H, 8.19; N, 4.45; O, 31.56, found: C, 
55.52; H, 7.92; N, 4.85; O, 31.71. 
N-α-t-Butoxycarbonyl-L-leucine Ester of Hydroxypropyl Cellulose (2c).  
This derivative was prepared by using N-α-t-butoxycarbonyl-L-leucine (6.52 g, 28.17 
mmol) rather than N-α-t-butoxycarbonyl-L-glycine while the rest of the conditions and 
procedure were the same as those for the synthesis of 2a.  Yield 91%, white solid, 
1
H 
NMR (400 MHz, d6-DMSO, 80 ºC, ppm): 0.87 (brs, 6.6H, CH(CH3)2), 1.04–1.15 (m, 
13.83H, OCHCH3), 1.38 (s, 9.9H, OCOC(CH3)3), 1.48 (brs, 2.2H, NHCH(CH2)CO), 
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1.66 (brs, 1.1H, NHCH(CH2CH)CO), 3.22–4.49 (m, 19.83H, OCHCH3, OCH, OCH2, 
and 1.1H, NHCHCO), 4.88 (brs, 1H, OCHCH3); IR (ATR, cm
-1
): 3441, 2969, 2877, 
1752, 1708, 1521, 1456, 1367, 1328, 1271, 1161, 1114, 1047, 842; [α]D = –37.8° (c = 
0.10 g/dL in CH3OH); anal. calcd for (C31.93H58.56N1.1O12.91)n (664.4862)n: C, 57.71; H, 
8.88; N, 2.32; O, 31.09, found: C 57.74; H, 8.50; N, 1.99; O, 31.77. 
N-α-t-Butoxycarbonyl-L-asparagine Ester of Hydroxypropyl Cellulose (2d).  
The reaction of hydroxypropyl cellulose, 1, (1.35 g, 3.13 mmol) with 
N-α-t-butoxycarbonyl-L-asparagine (6.54 g, 28.17 mmol) and the purification of the 
product were carried out in the same way as that for the synthesis of 2a.  Yield 90%, 
white solid, 
1
H NMR (400 MHz, d6-DMSO, 80 ºC, ppm): 1.04–1.18 (m, 13.83H, 
OCHCH3), 1.40 (s, 9.0H, OCOC(CH3)3), 2.88–2.96 (m, 2.0H, NHCH(CH2CO)CO), 
3.21–4.45 (m, 19.83H, OCHCH3, OCH, OCH2, and 1.0H, NHCHCO), 4.91 (brs, 1H, 
OCHCH3); IR (ATR, cm
-1
): 3441, 2972, 2926, 2884, 1751, 1713, 1514, 1456, 1370, 
1285, 1158, 1116, 1052, 887, 851, 790, 769, 668; [α]D = –25.8° (c = 0.10 g/dL in 
CH3OH); anal. calcd for (C28.83H51.66N2.00O13.61)n (644.1039)n: C, 53.76; H, 8.08; N, 
4.35; O, 33.81, found: C, 53.32; H, 8.37; N, 4.01; O, 34.30. 
N-α-t-Butoxycarbonyl-L-glutamine Ester of Hydroxypropyl Cellulose (2e).  
It was synthesized by adopting the same procedure as for 2a using 
N-α-t-butoxycarbonyl-L-glutamine (6.94 g, 28.17 mmol) instead of 
N-α-t-butoxycarbonyl-L-glycine.  Yield 93%, white solid, 1H NMR (400 MHz, 
d6-DMSO, 80 ºC, ppm): 1.04–1.17 (m, 13.83H, OCHCH3), 1.40 (s, 15.3H, 
OCOC(CH3)3), 1.93 (brs, 3.4H, NHCH(CH2CH2CO)CO), 2.65 (brs, 3.4H, 
NHCH(CH2CH2CO)CO), 3.21–4.50 (m, 19.13H, OCHCH3, OCH, OCH2, and 1.7H, 
NHCHCO), 4.93 (brs, 1.7H, OCHCH3); IR (ATR, cm
-1
): 3332, 2977, 2921, 1750, 1706, 
1670, 1621, 1511, 1452, 1365, 1161, 1120, 1068, 1049, 834, 690; [α]D = –25.7° (c = 
0.10 g/dL in CH3OH); anal. calcd for (C36.83H64.86N3.4O16.41)n (817.9020)n: C, 54.08; H, 
7.99; N, 5.82; O, 32.11, found: C, 54.49; H, 7.67; N, 5.45; O, 32.39. 
N-α-,N-ε-di-t-Butoxycarbonyl-L-lysine Ester of Hydroxypropyl Cellulose 
(2f).  The synthesis of 2f was accomplished in the same way as that of 2a by making 
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use of N-α-,N-ε-di-t-butoxycarbonyl-L-lysine (9.76 g, 28.17 mmol) instead of 
N-α-t-butoxycarbonyl-L-glycine.  Yield 92%, white solid, 1H NMR (400 MHz, 
d6-DMSO, 80 ºC, ppm): 1.07–1.13 (m, 13.83H, OCHCH3), 1.38 (s, 27.0H, 
OCOC(CH3)3), 1.49 (brs, 6.0H, NHCH(CH2CH2)CO), 1.63 (brs, 6.0H, 
NHCH(CH2CH2CH2)CO), 2.11–2.15 (m, 6.0H, NHCH(CH2)CO), 3.1 (brs, 6.0H, 
NHCH(CH2CH2CH2CH2NH)CO), 3.21–4.65 (m, 18.83H, OCHCH3, OCH, OCH2, and 
3.0H, NHCHCO), 4.90 (brs, 2H, OCHCH3); IR (ATR, cm
-1
): 3375, 2978, 2930, 2866, 
1750, 1706, 1689, 1599, 1517, 1456, 1399, 1365, 1249, 1163, 1043, 1024, 859, 778, 
763; [α]D = –25.6° (c = 0.10 g/dL in CH3OH); anal. calcd for (C67.83H121.66N6.00O24.61)n 
(1415.0972)n: C, 57.57; H, 8.67; N, 5.94; O, 27.82, found: C, 57.15; H, 8.34; N, 6.17; 
O, 28.34. 
Determination of the Degree of Substitution.  The average number of 
hydroxypropyl substituents per anhydroglucose unit (molar substitution; MS) in 
hydroxypropyl cellulose (1) was determined by 
1
H NMR by calculating the integration 
ratio of proton on the anomeric carbon of anhydroglucose unit (AGU) to those of the 
terminal methyl protons of hydroxypropyl group.  On the other hand, the 
incorporation of amino acid moieties into hydroxypropyl cellulose has been 
accomplished through esterification and the extent of substitution of hydroxy protons 
of 1 by aminoalkanoyl pendants has been denoted by DSEst throughout this 
contribution, which was determined by calculating the integration ratio of the peaks 
arising due to the methyl protons of hydroxypropyl pendants and those of t-Boc 
termini of the amino acid moieties. 
 
Results and Discussion 
Amino Acid Ester Synthesis.  The amino acid esterification of 
hydroxypropyl cellulose was accomplished by coupling the hydroxy functionalities of 
hydroxypropyl cellulose (1) with the carboxy termini of amino acids; 
N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC·HCl) was 
employed as a condensating agent and 4-(dimethylamino)pyridine (DMAP) as a base, 
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as shown in Scheme 1, and the results are summarized in Table 1.  The amino acid 
esters (2a–f) were characterized by 1H NMR and IR spectroscopy and elemental 
analysis.  Each anhydroglucose unit (AGU) in HPC (1) possesses one anomeric 
proton and each hydroxypropyl group contributes three methyl protons thus its molar 
substitution (MS) could be calculated as (ICH3/3)/ IH1, where ICH3 (at 1.04 ppm, 
indicated as ‘a’ in Figure 1) and IH1 (at 4.41 ppm, indicated as ‘b’ in Figure 1) are the 
peak intensities of the methyl protons and anomeric proton, respectively.  The 
1
H 
NMR spectral data of amino acid esters of HPC (2a–f) were recorded to determine the 
degree of incorporation of aminoalkanoyl substituents (DSEst) by making an estimation 
of the peak intensity ratios of the terminal methyl protons of hydroxypropyl group (at 
≈ 1.04–1.17 ppm, indicated as ‘a’ in Figure 1) and those of t-Boc moieties of the 
amino acid pendants (at ≈1.4 ppm, indicated as ‘b’ in Figure 1).  The 1H NMR spectra 
of the starting (1) as well as derivatized polymers (2c–e) are shown in Figure 1 and 
complete substitution of three hydroxy protons was revealed for the t-Boc-protected 
Figure 1.  
1
H NMR spectra of polymers 1 and 2c–e. 
Labels:  a, terminal methyl protons of hydroxypropyl cellulose; b, anomeric 
proton of hydroxypropyl cellulose; c, terminal methyl protons derived from the 
hydroxypropyl cellulose; d, terminal methyl protons of the t-butoxycarbonyl 
moiety. 
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glycine, alanine, and lysine derivatized polymers.  Moreover, elemental analysis was 
carried out and the %N content of the polymers was exploited for the sake of 
confirmation of the exact degree of amino acid incorporation (DSEst).   
Further evidence was acquired from the presence of the peaks characteristic of 
the carbonyl group of an ester (1755–1750 cm-1) in the IR spectra of the amino 
acid-functionalized polymers (2a–f).  The IR spectrum of 1 (Figure 2) displayed a 
broad band attributable to the hydroxy groups of HPC (3600–3200 cm-1), which did 
not disappear upon derivatization as the NH bonds corresponding to the amino acid 
moiety absorb IR radiation in the same wavenumber region.  Moreover, the peaks at 
1713–1705 cm-1 and 1521–1505 cm-1 should correspond to the C=O stretching and 
NH-bending of the carbamate linkages present in the form of protected amino termini 
of the resulting polymers. 
The molecular weights of the starting (1) as well as derivatized polymers 
(2a–f) were determined by the gel permeation chromatography and the data are listed 
Figure 2.  FTIR spectra of polymers 1 and 2a–f. 
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in Table 1.  The molecular weight determination of hydroxypropyl cellulose (1; MS, 
4.61) and its amino acid esters (2a–f) was carried out by making use of LiBr solution 
(0.01 M) in DMF as eluent because of good solubility of these polymeric materials in 
DMF.  The esterification of HPC involving the substitution of small hydroxy protons 
with bulky organic moieties accompanied an increase in the molecular weight of the 
polymers; e.g., the Mn of 1 was observed to be 71 000 while those for 2a–f were 154 
000–216 000, respectively.  Moreover, the polydispersity indices (Mw/Mn) of the 
amino acid-functionalized polymers (2a–f) were not quite different from those of 1; 
for instance, the Mw/Mn of 1 and 2a–f were 4.3 and 4.2–5.7, respectively, thus ruling 
out the possibility of polymer chain cleavage under the mild reaction conditions 
employed for esterification. 
Solubility and Thermal Properties of Polymers.  The solubility 
characteristics of hydroxypropyl cellulose (1) and its amino acid esters (2a–f) are 
shown in Table 2.  1 is soluble in polar protic solvents such as methanol, highly polar 
aprotic solvents like DMF and DMSO, and moderately polar acetone.  The same 
tendency was retained upon the incorporation of aminoalkanoyl substituents which can 











1 0.0 71 000 310 000 4.3 
2a 3.0 154 000 883 000 5.7 
2b 3.0 172 000 891 000 5.2 
2c 1.1 216 000 905 000 4.2 
2d 1.0 180 000 865 000 4.8 
2e 1.7 183 000 871 000 4.7 






 Determined by GPC (0.01 M LiBr in DMF as eluent). 
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reasonably be attributed to the presence of polar carbamate (protected amino) and ester 
linkages.  Despite the introduction of polar substituents, the solubility behavior of 
derivatized polymers (2a–f) in THF and CHCl3 was also the same as that of the 
starting polymer (1) presumably by the virtue of peripheral t-butyl groups.  On the 
other hand, the amino acid-functionalized polymers (2a–f) were insoluble in low 
polarity solvents like toluene due to the incorporation of substituents having a number 
of polar moieties.  A striking change was witnessed in the solubility of HPC (1) in 
water as all of the amino acid esters of hydroxypropyl cellulose (2a–f) displayed 
insolubility in water ensuing from the loss of hydroxy protons and the introduction of 
bulky organic moieties.  Thus it can be inferred that the amino acid esterification of 
hydroxypropyl cellulose has led to an overall increment in the hydrophobicity of 
polymers without having any effect on their organosolubility. 
 The thermal stability of the polymers (1 and 2a–f) was examined by 
thermogravimetric analysis (TGA) in air (Figure 3).  The onset temperature of weight 
loss (T0) of 1 was 311 ºC while those for 2a–f were in the range of 175–230 ºC, 
respectively.  The TGA curves of all of the amino acid esters (2a–f) indicated an 
Table 2.  Solubility
a
 of Polymers 1 and 2a–f 
polymer 1 2a 2b 2c 2d 2e 2f 
water + – – – – – – 
methanol + + + + + + + 
DMF + + + + + + + 
DMSO + + + + + + + 
acetone + + + + + + + 
THF + + + + + + + 
CHCl3 + + + + + + + 
toluene – – – – – – – 
a 
Symbols: +, soluble; –, insoluble. 
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almost same pattern of three-step weight loss commencing at approximately 200 ºC, 
300 ºC, and 350 ºC, respectively, whereas a two-step weight loss was exhibited by the 
starting cellulosic (1).  For 2a–f, the first stage of decomposition should correspond 
to the cleavage of peripheral t-butoxycarbonyl (t-Boc) groups as t-butyl moieties are 




The glass transition temperatures (Tg) of polymers (1 and 2a–f) were 
determined by the differential scanning calorimetric (DSC) analysis under nitrogen 
(Figure 4).  The incorporation of t-Boc protected amino acid pendants was observed 
to accompany an increase in the glass transition temperature (Tg) of polymers; for 
instance, the Tg of 1 was 3.9 ºC whereas those for 2a–f were 35.1–43.3 ºC, respectively 
(Table 3).  The variation in the glass transition temperature of the polymeric materials 
is dramatically affected by the nature of side chains and the increased polarity entails 
enhanced Tg values and vice versa.  On the other hand, the bulk and shape of the 
substituents are also of vital significance and the presence of spherical bulky 
Figure 3.  TGA curves of polymers 1 and 2a–f (in air, heating rate 10 ºC min-1). 
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substituents augments the chain flexibility and thus ensues the reduced Tg.
10
  In 
previous studies concerning the derivatization of other organosoluble cellulosics like 
ethyl cellulose and cellulose acetate, the incorporation of bulky nonpolar substituents 
has been reported to lead to the decline in the glass transition temperature of the 
polymers.
8b,c
  However, the present series of polymers (2a–f) is characterized by the 
presence of polar amino and ester linkages along with spherical peripheries, probably 
the former being more dominant in the determination of Tg.  Hence, the substitution 
of small hydroxy groups by bulkier aminoalkanoyl functionalities has led to the 
increment in Tg resulting in the transition from rubbery (1) to glassy (2a–f) polymeric 
materials. 




 The lower portion delineates the DSC trace for 2f (derivative with the lowest T0 
value), indicating the absence of the commencement of weight loss under N2 until 





 The present study is concerned with the synthesis of a series of t-Boc protected 
amino acid esters of hydroxypropyl cellulose (2a: DSEst, 3.0; 2b: DSEst, 3.0; 2c: DSEst, 
1.1; 2d: DSEst, 1.0; 2e: DSEst, 1.7; and 2f: DSEst, 3.0) delineating an approach to 
transform the hydrophobicity and thermal characteristics of an organosoluble 
cellulosic.  The use of EDC·HCl as a condensating agent in the presence of DMAP 
has been demonstrated to accomplish a facile mode of amino acid esterification of 1 
without any polymer chain cleavage in the course of the reaction.  The bulk of the 
substituent on the α-carbon of the amino acid pendants was revealed to be the most 
significant parameter effecting the extent of substitution of the hydroxy protons of 
hydroxypropyl cellulose (1: MS, 4.61).  The complete incorporation of amino acid 
functionalities (DSEst ≈ 3.0) was observed for t-Boc protected glycine, alanine, and 
lysine groups as evidenced by the 
1
H NMR and confirmed by elemental analysis.  
The derivatized polymers displayed good solubility in common organic solvents and 
were insoluble in water.  Good thermal stability was revealed and initiation of weight 
loss was elucidated to ensue from for the degradation of t-butyl moieties around 
175–230 °C under air.  The amino acid functionalization of HPC accompanied a 






1 311 3.9 
2a 222 35.1 
2b 180 43.3 
2c 230 36.9 
2d 212 42.0 
2e 184 39.5 
2f 175 43.2 
a 
T0: Onset temperature of weight loss. Determined from TGA measurement in air. 
b
 Tg: Glass transition temperature. Determined by DSC analysis under nitrogen. 
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considerable amplification of glass transition temperature and all of the ester 
derivatives were glassy at room temperature (Tg, 35.1–43.3 °C). 
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